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Abstract
This thesis reports on the structural design and analysis of masonry structures using thin 
joint mortar. Thin layer mortar has been developed to compliment some of the 
disadvantages associated with conventional masonry techniques. It is polymer-modified 
cement based mortar, which when mixed with water produces a smooth cohesively 
flowing non-Newtonian adhesive.
An extensive structural testing and evaluation research program based on British and 
European standards was carried out to investigate the engineering properties and 
performance of thin layer masonry formed using three clay, one dense concrete and one 
Aircrete brick, two concrete blocks and calcium silicate units under different types of 
loading. The study also aims to investigate the feasibility of new uses for thin joint 
masonry, and perform comparisons between the experimental results and the British and 
European standards.
Test results show that significant gains to the tensile flexural strength of masonry can be 
achieved when thin layer mortar technology in conjunction with solid dense concrete 
blocks and bricks and with clay bricks to a lesser extent. No enhancement with calcium 
silicate units was observed.
This research compares the flexural test results to the values suggested in the codes and 
with concrete, Aircrete and clay units enhanced values are obtained but with calcium 
silicate units no significant increase in flexural strength is achieved. These test results 
were then used to predict wall strengths and again with thin layer mortar, panel strength 
increased. The research indicates changes should be made to the relevant codes.
Further, this study will provide confidence to both designers and contractors to use and 
further develop the application of thin layer mortars in building.
Key words: Structural Design, Structural Analysis, Materials Properties, Thin Joint Masonry.
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Chapter 1: Introduction
1.1 introduction
This chapter aims to provide an introduction to this thesis. Initially a brief background will 
be given to set out the research context of this study, rationale behind the research 
methodology followed by identification of the specific research objectives. Finally, an 
overview of the thesis structure will be given to assist the reader.
1.2 Background
The nature of construction worldwide has altered radically during the last one hundred and 
fifty years. Whilst many impressive buildings were constructed prior to that, in the 
medieval period, during the Roman, Greek, and Egyptian empires, these older 
constructions had one thing in common. The structures relied mostly on the compressive 
capacity of the materials used to build them. With the advent of steel and reinforced 
concrete, structures which relied on both the compressive and tensile capacity of 
materials became possible. Very large span bridges and extremely tall buildings resulted 
from this development. These technological innovations have affected the use of masonry 
as a structural material in the last century and a half.
Prior to this period most “grand” building comprised stone or brick masonry under 
compression as part of the load bearing structure. More recent constructions of this sort 
included cathedrals, bridges, large public buildings and theatres whereas older examples 
include the Coliseum, Roman viaducts and the pyramids. In all these buildings masonry 
was the dominant structural form. With the advent of reinforced concrete and structural 
steel, however, the use of masonry as a structural material has waned, and in the latter 
part of the twentieth century, it was seen as a cladding material for large structures and 
the material for constructing domestic houses or flats which rarely exceed four storeys in 
height and do not carry significant tensile forces. For much of the last 50 years the 
masonry industry appeared incapable of regaining the market from steel and concrete. 
Alternative masonry materials competed amongst each other in a diminishing market. 
Steel and concrete established themselves as the structural material of choice. Despite 
this, there is still a perception amongst the public that masonry is one of the more 
attractive building materials and it is accepted that it has excellent durability properties [1].
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Consequently most of the housing stock in the UK is still built of masonry. With cavity 
walls, a lightweight block forms the inner skin and clay brick masonry completes the outer 
leaf. Often insulating material is placed in the cavity. Rendered construction comprises of 
a single leaf of lightweight masonry although wide blocks are used.
Innovations in house building include the use of thin layer mortar technology which at 
present is established in the UK in building Aircrete walls. These lightweight masonry 
walls are included to carry load but in addition to improve the thermal properties of walls. 
However, heat tends to funnel through the walls via the mortar joints. Reducing the area 
of joints in elevation improves the thermal properties considerability. Further, it has been 
observed that construction speeds improve for a variety of reasons discussed in the 
thesis. Using thin layer mortar technology has been attempted with both dense concrete 
blocks and clay brick units and it has been noted that tensile flexural strengths of thin joint 
walls improve considerability when compared to traditional masonry when built of both 
concrete units and clay bricks.
1.3 Rationale behind the research Methodology
Unreinforced masonry design in the UK is currently undertaken in accordance with BS 
5628-1: 2005 [2], the code of practice for structural use of unreinforced masonry. Until 
recently, the code only covered masonry structures built using conventional mortar, with 
no reference to using thin joint mortar.
Based on lateral review and experimental test results by different researchers on thin joint 
masonry, a number of forms of masonry construction should be added to BS 5628-1: 
2005 [2] in relation to flexural strength including: thin layer mortar, lightweight mortar and 
lime mortars.
The above mentioned statement supports, the gathering of additional information to gain 
insight into the behaviour of laterally-loaded masonry wall panels to be justified. It is due 
to this reason that a research programme has been undertaken at Kingston University to 
address these issues.
This research is aimed to be of benefit to structural engineers and researchers by 
enabling them to extend their knowledge of masonry behaviour, and that it will contribute 
towards the development of the structural design for thin-jointed masonry wall panels 
subjected to lateral loading.
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It is a known fact developed by way of extensive historical research, given standards or 
tests that with traditional masonry, when a mortar thickness of 10mm is used the flexural 
strength of the masonry is affected by certain influencing factors. These are for example 
the bond strength and mortar thickness. On the other hand, with thin joint masonry the 
effect of the previously mentioned factors are not determined as of yet. This is due to the 
fact that thin joint masonry is a modern technique of masonry construction. The factors 
affecting traditional masonry are largely known but this is not so with thin layer masonry.
It is because of these deficiencies in current knowledge associated with thin joint masonry 
that this research stems from and the rationale behind the methodology adopted is to 
conduct research and appropriate required tests and analysis. These are manipulated in 
such a way in order to fill these gaps and deficiencies with the possibility of affecting 
current design codes and construction techniques also in hope of creating new 
architectural opportunities as well as guaranteeing high quality masonry. This also creates 
leeway for possible developments for new innovative building techniques, bearing in mind 
the objective of achieving low budget solutions.
The research methodology adopted reveals limited data already present in industry 
regarding the performance of concrete blockwork when built using thin layer mortar. The 
case with clay bricks is that although there can be seen to be a significant amount of data, 
there are however large gaps and this becomes more apparent when for example 
comparing the data with that available for Aircrete as it is evident that there is much more 
data available with Aircrete. The testing programme that shaped the thesis generally 
focused in on dense concrete and brick masonry constructed using thin layer mortar, 
however Aircrete testing is included. Most of the work specifically investigates the flexural 
and compressive strength of masonry, as this is precisely the area which requires and 
allows for further investigation and testing.
Mortars have been one of the main subjects in which change has occurred within the 
masonry industry. There are however still gaps within this research field, which is 
precisely the reason for the choice of direction and nature of the research within this 
thesis, as there still happens to be areas where further research can lead to the 
emergence of significant improvements in the masonry industry and positive innovations 
in the practise.
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1.4 Research Objectives
In light of these developments this research project was devised with the main aims of 
reviewing existing research on the use of thin joint masonry in bricks and blocks.
The objectives of this research can be listed as follows;
1. Review existing research to establish the current state of scientific knowledge.
2. To investigate the properties of thin joint mortar and to evaluate the bond between 
unit (three clay, one dense concrete, one Aircrete brick, two concrete blocks and 
calcium silicate units) and mortar.
3. To consolidate and widen the knowledge base of thin joint masonry properties.
4. To investigate the feasibility of new uses for thin joint masonry.
5. To compare between experimental test results and British and European 
standards including design examples of thin joint block and brick walls.
1.5 Thesis Structure
The main areas of this thesis are presented through nine chapters. The first chapter is 
introductory by nature, describing the problems that the investigation aimed to address as 
well as presenting the methodology employed to achieve this objective.
Chapter 2 is a review of the available literature. In this chapter, historical developments of 
the use of masonry as an engineering material are reviewed. The purpose of this review is 
to bring to the attention of the reader the documented research work in the field of 
structural masonry including thin layer masonry and to establish the framework for 
addressing the challenges of the future of masonry research. The details of the 
experimental study are outlined in chapter 3 which reports on experimental work used to 
investigate the properties of thin layer masonry. A number of photographs and diagrams 
of the testing equipment and specimens are provided to assist with the explanation of the 
research methods. Chapter 4 presents the experimental findings on masonry units and 
materials, and gives, details of the data acquisition procedure and of the results obtained 
from tests.
In chapter 5 analysis of the properties of thin layer mortar were undertaken. A range of 
mortar specimens were produced and the properties of the wet mortar ascertained and 
analysed. The compression, flexure and direct tension of hardened mortar were 
ascertained and evaluated. Comparisons between tests were also undertaken.
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Chapter 6 analysed the flexural properties of masonry in both directions and includes a 
section on the compressive strength of one masonry type. Chapter 7 designed the 
practical design examples demonstrating the potential benefits of thin joint mortar. 
Chapter 8 included a comparison of the findings with British and European standards. 
Chapter 9 was made up of the conclusions, recommendations and suggestions for further 
research.
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Chapter 2: Literature Review
2.1 Introduction
This literature review examines some of the changes that have occurred to the masonry 
industry over the past 10000 years. Whilst burnt clay masonry manufacture has not 
significantly altered for several thousand years except that the material science of clay 
has developed and firing temperatures and quality control procedures have improved, 
new materials to form masonry have emerged in the last two centuries namely the 
production of concrete blocks and calcium silicate units. Both those materials can be 
mass produced but require considerable quantesis of energy. At its inception masonry 
units were simply stacked together dry, later being joined using mud as a form of mortar. 
Since then lime mortars, cement mortars and finally polymer modified cement mortars 
have been tried. As technology has advanced, so the potential markets for this material 
have altered. Earlier in the twentieth century framing of buildings using reinforced 
concrete and steel displaced a significant part of the masonry market so adaptations to 
the materials and its properties are important if masonry is to remain part of our built 
environment.
2.2: Historical Perspective on Masonry from Ancient Times to Present Day
Structural masonry, which is normally used in buildings and civil engineering structures, is 
usually an assembly of masonry units of bricks, concrete or stone blocks, bonded 
together with mortar. It is one of the oldest construction materials and has been used for 
all kinds of structures for over ten millennia.
One disadvantage of masonry is its low tensile and flexural tensile strength, which may 
result in cracking and reduce stiffness and strength. Therefore masonry was replaced in 
most fields of application by the development of reinforced concrete and structural 
steelwork over the last 100 years.
Ancient examples of masonry include the Pyramids, the Colosseum, India’s Taj Mahal, 
the Great Wall of China, possibly the Tower of Babel thought to have been built in about 
2200 BC [3] and the largest mosque in the Islamic world built by Caliph AL-Mutawakkil in 
852 AD using bricks and clay [4]. These structures represent some of the world’s most 
impressive masonry structures. See Figure 2.1 A.
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The Babylonians and Assyrians attained high degrees of proficiency in brickwork and 
used burnt brick. A good example of this is a 25m deep well in which many of the bricks 
were inscribed with the name of Assurrnasir-pal (883-895 BC). Burnt bricks used during 
this period varied from 300 x 450mm to 600 x 600mm in plan and were about 80mm thick. 
Another ancient example of this type of masonry is the Ishtar Gate in Babylon built by 
Nebuchadnezzar II (604-562 BC) [3, 5] and depicted in Figures 2.1B and 2.1C. During 
this period, burnt clay products were also used as roof tiles.
F ig u re  2 .1 A : Largest M osque in the Is lam ic world, 2 .1 B : Ishtar G a te  in Babylon and 2 .1 C : D eta il of Ishtar G a te  [3, 4  and 5]
■
Bricks are burned in kilns [5]. These may be formed using the bricks themselves and fired 
with a variety of fuels or they may be burnt in pre-manufactured kilns which are fired by 
fossil fuels, this latter form of kiln achieving temperatures in excess of 1000 °C  and often 
using up-draughts and fans to ensure equal heat to all faces of the units. The basic 
technique is ancient although modern variations do exist.
Clay brickwork was used widely in Europe during the Roman Empire and entered the UK 
during this period. Evidence indicates that the virgin clay was well prepared and very 
plastic. During the period of Roman influence, bricks were used as ballast in ships and 
remains of these have been found in East Anglia. In similar fashion, clay bricks burnt in 
Holland have been transported around the world. Up to the start of the 20th century 
masonry was widely used in Europe and the Middle East as a conventional walling 
technique for many modest forms of construction but also as a means of creating 
impressive highly decorated buildings.
Mortar for connecting masonry units has varied over the millennia. Early examples include 
mud and this form of construction is still used in many poorer parts of the world today. 
The Assyrians and Babylonians used lime mortars but also mixtures which included
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masonry in Europe until the 1930’s. Since then, however, cement mortars have been the 
most common form of mortar for masonry. Cement mortars harden quicker and bond 
masonry better than lime mortars but are more brittle [6], In the last two decades, 
however, the use of lime mortars has had a resurgence and there has been an interest in 
polymer modified mortar, this latter material being cement based but including polymers 
which results in different masonry properties.
Masonry is generally built on site where units are bonded together with mortar. 
Occasional uses of prefabricated brick masonry, however, have occurred for more than 
100 years. Brick piers were laid on boards for use below sea level in Galveston, USA [6] 
prior to 1900. Prefabricated brick masonry involving automatic laying equipment rather 
than bricklayers was attempted in France, Switzerland and Denmark in the early 1950’s. 
During this period, the American Structural Clay Products Research Foundation also 
investigated the potential of prefabricated clay products, and developed a prefabricated 
brick masonry system known as the SCR building panel which was used in the 
construction of several structures in the Chicago area [6].
2.3 Clay Brick Masonry
Bricks are made from clays, but may include coloured minerals, silicates, and various 
admixtures; the materials are mixed with water, moulded, burned, and cured. Fired clay 
bricks made from clays can withstand high temperatures over long periods of continuous 
use. Clay units are used for a large variety of applications, and each requires 
performance levels to be specified. Some applications are traditional and the related 
specification is laid down in standards or traditional rules for good practice. These rules 
often have a local character, due to climate, building traditions, locally available materials, 
maintenance traditions etc. Other applications might be new and non-traditional, and 
formulations of the performance levels for materials are in that case the responsibility of 
the designer.
Particular applications for clay masonry include:
i. Common masonry: Masonry used outside or inside having no claim to an 
attractive appearance. It may or may not be loadbearing.
ii. Protected masonry: Masonry which is protected against water penetration. It can 
be masonry in external walls which is protected by a suitable layer of render or
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cladding, masonry forming the inner leaf of a cavity wall or it could be an internal 
wall. It may or may not be loadbearing.
iii. Rendered/plastered masonry: Masonry used outside or inside which has been 
rendered/plastered. It may or may not be loadbearing.
iv. Thermal insulating masonry: Masonry which in itself significantly contributes to the 
thermal insulation function, usually of an external wall. The masonry consists 
mainly of highly perforated clay masonry units or Aircrete units. It may or may not 
be loadbearing.
V. Facing masonry: Masonry used outside or inside that is intended to have an
attractive appearance. It is constructed from suitable masonry units using a high 
standard of workmanship and mortar joint finish appropriate to the masonry unit 
type. It may or may not be loadbearing.
vi. Civil engineering masonry: Masonry used in civil engineering works, e.g. drainage
works; earth retaining walls etc., in which masonry units with a high level of 
durability and compressive strength and a low level of water absorption are 
sometimes used.
2.3.1 Dimensions
The sizes of clay masonry units have not been standardized on a European level and BS 
EN 771-1: 2003 [7] has been prepared to encompass all the sizes of clay bricks and 
blocks available throughout Europe. However, the sizes and tolerances given in the now 
outdated BS 3921:1985 [8] which apply to the clay brick format are given in Table. 2.1, 
and are included as being representative of UK practice.
Table 2.1 : Co-ordinating and work sizes of clay bricks to BS 3921:1985 [8]
Coordinating size (mm) Work size (mm)
Length Width Height Length Width Height
225 112,5 75 215 102,5 65
Note: The work sizes are derived from the corresponding coordinating sizes by the subtraction of 10 mm for 
the mortar joint assuming the use of general purpose and lightweight mortars.
2.3.2 Compressive strength
According to the test method given in BS 3921:1985 [8], Appendix D, the compressive 
strength of clay bricks is determined on wet test specimens compressed between
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plywood packings. Bricks with a single frog intended to be laid frog uppermost and those 
with double frogs are tested with their frogs filled with mortar.
By contrast (except in special circumstances), the reference test method called up by BS 
EN 771-1: 2003 [7] and given in BS EN 772-1: 2000 [9] Specification for Clay bricks 
requires that the bed faces of clay masonry units are ground to a specified level of 
flatness and parallelism. Clay masonry units are then crushed dry without the need to use 
surface packings. In accordance with BS EN 772-1: 2000 [9] most frogged high Density 
(HD) type clay bricks would be tested without the frogs filled with mortar, the compressive 
strength being based upon the failure load divided by the brick net load bearing area and 
not the gross bed face area.
Frogs are only to be mortar filled when the brick net load bearing area is less than 35% of 
the gross bed face area, in which case the compressive strength of the brick is to be 
taken as the failure load divided by the gross bed face area. In those instances where 
frogged bricks are to be laid frog down in brickwork construction, manufacturers should be 
sought to give guidance on the brick compressive strength to be used.
For solid and perforated high density (HD) type clay bricks the compressive strength is 
calculated as the failure load divided by the gross area of the brick bed face. HD type clay 
bricks tested dry with their faces ground generally achieve higher compressive strengths 
than when tested wet between plywood packings. There is also evidence to suggest that 
the general compressive strength enhancement can be as high as 50% or more when 
compared with the BS 3921:1985 [8] method for higher-strength clay bricks such as HD 
type. Class A and Class B engineering bricks [9].
This does not mean that masonry wall strengths are similarly or proportionately enhanced 
and BS 5628-1: 2005 [2] will need to be amended to take account of this effect. BS EN 
1996-1-1: 2005 [10] has been developed to allow for the BS EN 772-1: 2000 [9] test 
method. Additionally, special sized and shaped HD type clay bricks will normally require 
specialist compressive strength testing procedures. Suitable procedures compatible with 
BS EN 771-1: 2003 [7] requirements are given in BS 4729: 2005 [11]. However, the 
apparent compressive strength enhancement is not readily predictable and for some 
lower-strength bricks the BS EN 772-1: 2000 [9] test method can give lower results than 
the BS 3921:1985 [8] method. Therefore to ensure consistency manufacturers should 
declare an appropriate value based on the new test method.
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2.3.3 Water absorption
The water absorption of clay bricks depends on the layout and form of pores within the 
unit. Some pores may be 'through' pores, others terminate in a cul de sac whilst still 
others may be oven sealed and inaccessible. The 'through' pores allow some air to 
escape in the 24 hours absorption test to BS 3921:1985 [8] and permit free passage of 
water over time. However, many of the pores are so small that to determine their 
existence, a vacuum or 5 hour boil test is required.
Absorption is the amount of water which is taken up to fill the pores in a brick by 
displacing the air whereas the saturation coefficient is the ratio of 24 hour cold water 
absorption to maximum absorption by vacuum or boiling.
The test method for water absorption determination by immersion in boiling water for five 
hours, given in BS EN 772-7: 1998 [12] also applies to HD type clay masonry units 
intended to be used in damp-proof courses. BS EN 771-1: 2003 [7] only requires the 
water absorption value of damp-proof course HD type clay bricks to be stated and no 
threshold values are specified, such threshold values being left to national decision (Table 
NA.6).
BS 3921:1985 [8], and (Table 12) of BS 5628-3: 2005 [13] classify damp-proof course 
clay bricks into DPC1 and DPC2 bricks having maximum water absorption values of 4,5 
% and 7,0 % by mass respectively. Note 2 to (Table 4) states that DPC1 bricks are 
recommended for use in buildings, while all DPC bricks are acceptable for use in external 
works. It should be noted that BS 3921:1985 [8], Table 4 ascribes the same limits for the 
water absorption values of Class A and Class B clay engineering bricks respectively. BS 
EN 771-1: 2003 [7] includes a clause to the effect that initial rate of water absorption 
(measured by BS EN 772-11:2000 [14]) may be declared by the manufacturer. A similar 
test method is included in BS 3921:1985 [8] as Appendix H, but there are no requirements 
relating to the property given in that standard.
2.3.4 Mortar for clay brick masonry -  Developments from Lime, to Cement 
to thin layer mortar
Much of the UK Victorian housing stock was constructed using lime mortars, which had 
the great advantage of being flexible and accommodating movements in buildings due to 
settlement. With the increased use of cement in construction in the early twentieth century 
the dominance of lime as the accepted from of bonding masonry units was challenged
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and cement mortars took the ascendancy. Research indicates that the lateral load 
capacity of masonry constructed with cement mortars out perform lime mortars by a 
considerable margin, although this may not be significant in domestic buildings in non­
earthquake zones.
Consequently prior to the 1930’s most masonry construction used lime mortars. Walls 
were built to carry only compressive loads and were generally over designed and as a 
consequence relatively thick. From the 1930’s onwards and in particular after the Second 
World War, masonry construction underwent a profound change. Engineers and 
designers were under increasing pressure to produce thinner and hence more economical 
and aesthetically pleasing walls. Further, and particularly in Northern Europe, the 
widespread adoption of cavity construction to provide economic rain resistant walling also 
reduced the need for thick walling.
Thin walls provide less plan area to support loads and therefore higher stresses are 
developed in the masonry. Also thin walls are more susceptible to bending under the 
action of lateral load, e.g. wind forces, and so resistance to flexural stress is a common 
consideration in design. Mortars for this type of masonry are required to be stronger in 
both compression and flexure and, sometimes, shear properties. In this, cement mortars 
outperform lime [15]. As a consequence, at present the most common mortars used in the 
UK are cement mortars. These are specified by volume, so for example a 1:1:6 cement: 
lime: sand mortar represents a mortar with volume proportions of 1 cement, 1 lime and 6 
sand. The lime in this instance is used as a plasticiser, not a bonding agent although in 
reality both these functions will be evident from this material.
Until about 1840 when ordinary Portland cement (OPC) was developed, lime was 
exclusively used in mortars for all masonry buildings. Some of the benefits of lime mortars 
are that, they allow walls to breath, are relatively flexible (accommodating some 
movement), give some protection to surrounding bricks and stone against salt and frost 
damage, ‘self-heal’ when exposed to air, and allow brick and stone to be reclaimed after 
demolition. From a suitable, environmentally conscientious point of view lime is a better 
option when compared to Portland cement. Pritchett (2003) [16] explains that during 
manufacturing process more energy is required to produce a tone of cement than a tone 
of hydraulic lime, there by increasing CO2 emissions. The bulk density of lime is half that 
of cement, thus, there is an overall energy saving of between 30-50% when using lime. In 
addition, as lime carbonates whilst Portland cement hydrates, further reductions in CO2 
emissions will result.
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The majority of older buildings were constructed using lime mortar. Lime mortars are 
manufactured by burning lime stone to make lime, during this process carbon dioxide is 
removed from the material. The heated lime is then mixed with water to form a mortar: as 
a result the mixture will then absorb the carbon dioxide back, which helps it to set. The 
Lime mortar is relatively slow to gain strength, however it is more ductile. Although this is 
a good property to have in masonry building, however, it is relatively slow for modern day 
fast construction of big masonry structures. Therefore, it is often preferable to use 
Portland cement mortar.
Portland cement hydrates by conventional hydration and this gives it some advantages 
over lime mortar as it is stronger but more brittle. As a result of this, instead of the 
masonry joint failing, the brick may crack in tension as it is unable to with withstand the 
lateral movement of the mortar. It has been found that Portland cement mortars out­
perform lime.
In modern day construction, a mixture of Portland cement and lime are used which makes 
the mixture plastic and yet gain strength quicker. This is more convenient to satisfy the 
demands of modern day economy for fast construction. A further development is thin joint 
mortar (polymer modified) which is a cement based polymer modified mortar which sets 
even quicker than cement mortars, hardening in a matter of hours rather than days [16].
In modern day construction, a mixture of Portland cement and lime are used which makes 
the mixture plastic and gain strength quicker. This is more convenient for the demands of 
modern day economy for fast construction. A further development in mortars is thin joint 
mortar (polymer modified) which is a cement based polymer modified mortar which sets 
even quicker than Portland cement mortar, achieving significant strength in a matter of 
hours rather than days [16].
Thin layer mortar technology originated more than 15 years ago in the Netherlands [15]. 
Joints are formed using a glue mortar. This has a high percentage of cement, very fine 
inert additives and specially formulated polymers. It is applied using especially developed- 
hand-held pumped nozzles that usually dispense two parallel beads of material along the 
horizontal bed joints and on the perpends, prior to the bricks being laid as shown in Figure 
2.2A.
Many metres of bed joint adhesive can be laid in a rapid single operation, the nozzle 
dispensing relatively accurate quantities of mortar. Working conditions, speed of
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construction and overall quality are generally considered better than for traditional mortar. 
Glued joints are stronger than traditional mortar and cure more quickly (approximately 30 
minutes), so allow higher lifts to be constructed resulting in quick and well controlled 
construction. Thin joint glued brickwork is appropriate for a wide range of building types, 
from domestic construction, particularly where several dwellings are constructed on the 
same site allowing equipment to be used efficiently, to large commercial and civil 
engineering projects.
Examples of thin layer brickwork buildings in Europe include, the Crawford Art Gallery in 
Cork, Ireland; Kuiper Bouwgroep Head Office, Arnhem, the Netherlands; and Heysel 
Stadium (now named King Baudoin Stadium), Brussels. At present there are very few 
examples of thin-joint glued brickwork in the UK. The new School of Architecture at the 
University of the West of England is a notable exception [15].
The beneficial properties which thin layer mortar imparts will enable new uses for brick 
masonry to be employed which could include: prefabricated brick panels, large walls for 
commercial buildings (typically these could be corridor walls in schools, universities and 
hospitals), and situations where lateral loads may be high, such as earth or grain retaining 
walls, this can be seen in Figure 2.2B.
F ig u re  2 .2 A : S pray-gun with double nozzle  [17], 2 .2 B : P refabricated  m asonry walls by H anson Th erm a lite  [18].
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2.4 Solid Concrete Blocks
2.4.1 Background to Concrete blocks
Concrete masonry units are made from light or normal weight aggregate, or both, to 
obtain three classes of masonry units; normal weight, medium weight, and lightweight and 
are specified in Europe in BS EN 771-3: 2003 [19]. This standard, concrete masonry unit, 
(Dense and lightweight aggregates) is a new Europe wide harmonized Standard for 
concrete bricks and blocks and replaced BS 6073-1: 1981 [20] in April 2006 after a 12- 
month period of co-existence. There is no doubt that over a period of 24 years BS 6073-1 : 
1981 [20] has served the industry well in developing concise and unambiguous 
specifications for concrete bricks and blocks used in far ranging applications.
BS EN 771-3: 2003 [19] concrete masonry units, however, enables the design, 
specification and ordering of concrete blocks. The code is written as a performance 
standard which means that all requirements are based on the finished product, rather 
than prescriptive standards which limit the materials that can be used in manufacture, and 
unlike BS 6073-1: 1981 [20] requires the manufacturer to conduct limited testing and have 
a documented factory production control system. A third party to monitor the factory 
production control system is not essential.
The test methods for the required properties are listed in BS EN 771-3: 2003 [19]. Some 
of these test methods are familiar but others are new.
i. Groupings of units are introduced
ii. Categories of units are introduced
iii. The standard contains a national foreward and a national annex, which
between them explain the essential differences between BS 6073-1: 1981 [20]
and BS EN 771-3: 2003 [19].
2.4.2 Types of concrete blocks
Solid concrete blocks obviously have no formed holes or cavities, other then slots for 
splitting the unit. Cellular blocks have one or more cavities, which do not pass right 
through the unit, and hollow blocks have one or more holes which do pass right through 
the unit. Figure 2.3 shows the block types. The external wall thickness of a hollow block 
must be at least 15 mm or 1.75 x the nominal maximum size of aggregate, whichever is 
the greater. The many special shapes which are available include: half length blocks.
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cavity closers, quoin and sill blocks, and blocks with troughs to accommodate concrete 
and reinforcing bars, these blocks providing permanent form work for tie beams or lintels.
According to BS EN 771-3: 2003 [19] there is no limit to the size or shape of blocks or 
bricks. The two are combined and termed masonry units but the UK tradition of 
differentiating blocks and bricks by face size is likely to continue. The current range of 
sizes will continue to be supplied by UK manufactures but imported products may be of 
any size. When ordering blocks or bricks it is now important to specify the size required in 
the order of length, width (thickness) and height, which is at variance with current UK 
practice of length, height and thickness (width). Tables 2.2 and 2.3 below show unit sizes 
commonly supplied in the UK but not all manufacturers will produce all of the sizes listed.
Figure 2.3: Concrete blocks; (A) solid, (B) cellular and (0) hollow.
(C)
Table 2.2: Work sizes of blocks [19]
Length
(mm)
Height
(mm)
Width (mm)
75 90 100 140 150 190 200 215 225
390 190 - y y y - y y - -
440 215 y y y y y y y y y
Table 2.3: Work sizes of bricks [19]
Length (mm) Height (mm)
Width (mm)
90 103
290 90 y -
215 65 - y
190 90 y -
190 65 y -
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The manufacturing processes for dense and lightweight aggregate concrete blocks 
requires the correct combination of aggregate to be mixed with cement binder after which 
the mixture is fed into automated high-frequency compaction machines. These 
incorporate a moulding function to produce the required shapes and sizes. After 
compaction, blocks are then left to harden, during which time the concrete matures to 
reach its specified strength. Substantial parts of the production process can be 
automated. Modern block production units typically have static mixing and manufacturing 
equipment with automated handling, curing and packing machinery. Both natural and 
synthetic aggregates are used in this process, and the aggregate mix will dictate the 
density of the block produced. A wide range of block sizes and shapes of moulds can be 
used to produce a variety of final aggregate products.
2.4.3 Solid dense concrete blocks -  Mortar use
The use of concrete blocks is relatively modern and as such they have been bonded 
using cement rather than lime mortars. The development of thin layer mortar, however, in 
conjunction with concrete blocks produces bonds well in excess of those produced by 
traditional cement mortars. Preliminary testing [21] has shown that combining thin layer 
mortar with solid dense concrete blocks increases flexural strength considerably so 
offering the opportunity for new markets which could include unreinforced masonry 
basements, as well as corridor walls in schools and some hospitals and pre-fabrication as 
noted with clay bricks. Advantages include reduced requirements for decoration, no need 
for skirting and coving, reduced sound transmittance and easier maintenance especially 
in removing graffiti. Further, trials, but with Aircrete, indicate it is quicker to build and as 
the mortar hardens faster walls can be loaded earlier than with traditional mixes with 
associated economic benefits. Similar benefits with concrete blocks are likely. To date, in 
the UK using thin layer mortars in conjunction with solid concrete blocks is limited but in 
Europe it is better established.
The mortar is spread on the blocks using a serrated applicator or scoop. The purpose of 
this tool is to lay the mortar on the bedding surface in a series of ribbons, similar to the 
process of applying tiling adhesive. This controls the amount of mortar, giving a consistent 
bed depth, which will help to ensure that the joints are fully filled and means that less 
levelling of individual blocks is required. The applicator is dipped into the container of 
mortar and filled, and then drawn along the bed face, leaving continuous ribbons of mortar 
along the block wall. Different widths of applicator can be constructed for different block 
widths. Excess mortar should be struck from the face of the blocks as work proceeds.
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Two types of applicator exist, Scoops from 75-200mm wide are shown in Figure 2.4A and 
2.4B or alternatively, a “sledge” may be used. Figure 2.4C shows a sledge, this device 
also leaves ribbons of mortar along the block but has a much larger reservoir for the 
mortar.
Figure 2.4A: Scoop from 75-200mm wide units, 2.5B Scoop from 100-200mm wide units and 2.50
Thin joint mortar sledges.
' ' ' '
Ty y '■
2.5 Aircrete Blocks
2.5.1 Background
Aircrete (Autoclaved Aerated Concrete) was developed in Sweden in 1924 and first used 
in the UK in the late 1950’s as an alternative to building with timber. Currently over 30 
million cubic metres of Aircrete (of different densities) is produced annually worldwide of 
this, 3 million cubic metres are produced in the UK -  and this represents a third of all 
concrete blocks used in the UK construction / building industry.
Aircrete consists of 60 - 85% of air by volume (70-85% for low density Aircrete). The solid 
material is a crystalline binder called Tobermorite, which is a combination of Lime and 
Silica but quartz and small quantities of other minerals also exist. Tobermorite is formed 
of silicium dioxide, calcium oxide and H2O and this provides the relatively high 
compressive strength and stability of Aircrete in spite of the high proportion of pores and 
lack of coarse aggregate in this construction material. The raw materials used to make 
Aircrete are lime, sand (quartz), and water. Often cement or anhydrites are also used and 
sometimes, fly ash and ground blastfurnace slag are used as an alternative to quartz.
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These materials provide silicium dioxide for the formation of Tobermorite. The lime 
provides Calcium oxide. If cement is utilized, then both calcium oxide and silicium dioxide 
will be included in the mixture. During manufacture, gas forms when tiny aluminium flakes 
react within the mixture to produce millions of small bubbles of Hydrogen in the slurry. 
The mixture rises in its moulds much like a cake until all the aluminium has reacted and 
the desired volume is reached. Bubbles are mostly about 1 mm in diameter. This cake is 
then cut using wires and cured in autoclaving ovens.
The autoclaves operate at temperatures of around 190°C and a pressure of over 11 bars. 
During this process, which can last up to 12 hours depending on the product required, the 
ingredients combine to form the calcium silicate hydrates that establish the special 
properties of the finished product. On leaving the autoclave, the Aircrete is fully cured and 
may be used as soon as it has cooled. All types of Aircrete blocks are manufactured using 
the same basic technique and processes. Different densities of Aircrete are made by 
adjusting the chemical constituents used to produce it, so that more or less hydrogen is 
produced. Different block dimensions are produced by altering the setting at the wire 
cutting stage of the process. Thus, an Aircrete plant is able to produce a wide variety of 
block dimensions and densities. The production of non-standard blocks such as tongue & 
groove and smooth-faced blocks requires additional production equipment in order to cut 
or cast the blocks in the appropriate fashion [22].
Aircrete blocks are used in the UK primarily as the loadbearing inner leaf to cavity walls 
and also provide thermal resistance which substitutes for the need to use expensive 
cavity insulation. They may also be rendered and used as the outer leaves of cavity walls, 
form solid load bearing internal or external walls, and foundation walls below ground level 
[23]. The lightweight and faster build-speed achieved with Aircrete blocks in comparison 
to other building materials mean walls can be constructed quickly, easily and cost- 
effectively as units are easy to handle and quick to lay. The cellular nature of Aircrete 
blocks makes them an effective moisture barrier in the below ground situation. They are 
also used as the infill in beam and block flooring situations. Typical physical properties of 
Aircrete blocks are shown in Table 2.4.
Table 2.4: Physical properties of Aircrete blocks [24].
Aircrete density Compressive Strength (N/mm )^
Density
(kg/m )^
Thermal Conductivity 
(W/mK)
Low 2.0-3.5 450 0.09-0.11
Medium 4.0-4.5 620 0.15-0.17
High 7.0-8.5 750 0.19-0.20
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2.5.2 The Physical attributes of Aircrete
2.5.2.1 Thermal resistance
Thermal conduction is the phenomenon by which heat is transported from high to low- 
temperature regions of a substance. The high degree of porosity of Aircrete has a 
dramatic influence on reducing thermal conductivity. Heat transfer across pores is 
ordinarily slow and inefficient [25], but with Aircrete, as the internal pores normally contain 
still air and as gaseous convection within the pores is comparatively ineffective, low 
Density Aircrete has outstanding thermal insulation properties [26, 27, 28, 29, 30, 31, 32 
33 and 34] as shown in Table 2.4.
2.5.2 2 Compressive strength
The compressive strength of Aircrete is related to its density [23, 35]. Commonly 
produced compressive strengths are 2.8, 3.5, 4.0, 7.0 and 8.4 N/mm^ as indicated on 
Table 2.4. In the UK compressive strengths > 2.8N/mm^ are commonly used, but in 
Europe lower strength Aircrete has been successfully utilised for the construction of 
dwellings [35], implying lower compressive strengths will be adequate, and in the U.K. 
construction is moving in this direction. The compressive strength of Aircrete is nearly 
independent of specimen size due to its homogeneity [35]. Aircrete achieves its final 
strength during the autoclaving process without further curing being necessary.
2.5.3 Lightweight construction
The cellular nature of the material [36, 37, and 38] ensures a lightweight construction. 
During construction, most Aircrete blocks can be lifted with one hand providing significant 
productivity advantages and lightweight Aircrete units with higher porosity are even easier 
to handle. As a result transportation costs would be reduced and furthermore, houses 
would be built much more quickly.
2.5.4 Production processes
A diagrammatical overview of the production processes, which is highly automated is 
given in Figure 2.5.
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Figure 2.5: Diagrammatic overview of the Aircrete production process [22]
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2.5.5 Aircrete blocks - Mortar use
As Aircrete is a modern material most of the earlier masonry built using this material used 
traditional cement mortars. The product has mainly been used in low rise buildings so 
high flexural and compressive strengths were not necessary. However, more stringent 
thermal requirements over recent decades have resulted in the Aircrete industry 
considering alternative forms of construction if walls are not to get too thick. As most of 
the thermal loss through walls occurs through the joints, reducing their volume could have 
a significant impact. Consequently, the industry adopted thin layer mortar technology 
which improves the thermal performance of the product but has the added benefit of 
speeding up construction [22].
Aircrete built using thin layer mortar has been utilised for about thirty years in the housing 
and associated building industries. Using thinner joints has both improved thermal 
performance and construction speeds and resulted in, better airtightness, less waste and 
improved lateral load capacity. Thin layer mortar is a pre-mixed cement based product, 
which only requires the addition of water to produce easily applied mortar. As a 
replacement for traditional sand/cement mortar, it allows the depth of the mortar to be 
reduced from the conventional 10 mm to 3 mm or less.
Jabbar Ali 21
Chapter 2: Literature Review
UNIVERSITY OF
SURREY
Using thin joint mortar with large format blocks can result in a single storey being built in 
a day. The thin joint mortar is applied to both bed and perpends joints and is designed to 
achieve a strong bond that sets within 30 minutes. This minimises the incidence of 
'floating' ‘that occurs with traditional mortars, which consequently limits the number of 
courses that can be laid. The low density of Aircrete blocks means they can be handled 
with ease, aiding speed of laying. Further, if the inner skin of a cavity wall is rapidly 
constructed, earlier installation of other components such as floors and roof timbers is 
possible. By separating outer and inner leaf construction schedules, a weather tight 
envelope is achieved rapidly, with the brickwork or external cladding no longer affecting 
completion times.
The thin layer mortar is specially formulated and easily applied, giving a good bond right 
across the joint which significantly improves the airtightness of the construction. A winter 
grade mortar is available which can allow construction to continue in lower winter 
temperatures subject to good site practice. Mortar wastage is minimal and the cost of thin 
joint mortar is comparable to thicker conventional mortars. The stringent thermal 
requirements now included in the UK building Regulations can be met more easily using 
thin layer mortar in conjunction with Aircrete.
In terms of lateral strength, thin layer masonry constructed using Aircrete units behave 
more like a plate than conventional masonry which de-bonds along joints. Figure 2.6A 
and 2.6B illustrates the failure mode of thin joint Aircrete B and P-wallettes tested to 
destruction. In both instances failure is predominantly through the units although it is likely 
that de-bonding initiated failure occurred in some of the P-wallettes tested.
Figure 2.6A: Failure of an Aircrete B-wailette and 2.6B: Failure of an Aircrete P-wallette [39]
I I
Jabbar Ali 22
Chapter 2: Literature Review
UNIVERSITY OF
SURREY
2.6 Calcium Silicate Bricks and Blocks
Calcium silicate units were first produced in 1866. They are commonly called either sand 
or flint limes according to the aggregate employed. In 1967 their use in the UK peaked 
when some 5% of all bricks produced in this country were calcium silicate. To day there is 
just one small producer of calcium silicate units in the UK but there is an increased 
interest in calcium silicate especially large format units. BS EN 771-2: 2003 [40] Calcium 
silicate masonry units, specifies the requirements for this type of material and deals with 
Calcium silicate brickwork [41]. The materials used, and the method of forming them by 
pressing followed by steaming, make for sharp arrises and remarkable uniformity in 
strength, size, shape, colour and texture. A diagrammatical overview of the production 
processes, which is highly automated, is given in Figure 2.7.
The important properties of Calcium silicate units include:
Comparatively high moisture movement.
Very low soluble salt contents; hence efflorescence is not a problem.
Compressive strengths in the range 7-50 N/mm^. Strength classes are specified in 
BS EN 771-2: 2003 [40].
iv. Good overall durability in clean atmospheres, though they may deteriorate slowly 
in sulphur polluted atmospheres.
V. A high degree of regularity, with a choice of surface textures ranging from smooth 
to rustic.
vi. A wide range of colours produced using pigments.
BS EN 771-2: 2003 [40] requires that calcium silicate bricks have a shrinkage not 
exceeding 400 x 10 ® which is of the same order of magnitude as the initial expansion of 
clay bricks [40]. On account of their increased moisture movement, joints in calcium 
silicate brickwork are recommended approximately every 7m, and they should not be laid 
wet. Since the movement characteristics are opposite to those of clay units, the two 
materials should not be bonded.
The use of calcium silicate bricks has never entered the mainstream in the UK but interest 
in the product remains, for two reasons. Firstly the units are very crisp and colourful and 
secondly, the accuracy with which they are made potentially enables the use of thin layer 
mortar which when used in conjunction with large format units will speed up construction 
considerably.
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Figure 2.7: Diagrammatic overview of the Calcium Silicate production process [41] 
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2.6.1 Compressive strength
From the structural point of view, the compressive strength of masonry units is the 
controlling factor and bricks of various strength are available to suit a wide range of 
architectural and engineering requirements. Calcium silicate masonry units may be 
classified in accordance with the gross dry density classes given in Table 2.5, this being 
in accordance with BS EN 772-13; 2000 [42]. These values should be multiplied by 1.04 
for sound calculation purposes, as this takes into account the equilibrium moisture 
content.
Table 2.5: Classification of calcium silicate masonry units based on gross dry density
Gross dry density class Density range in kg/m^
2.4 > 2200
2.2 2010-2200
2.0 1810-2000
1.8 1610 -1800
1.6 1410 -1600
1.4 1210 -1400
1.2 1010 -1200
1.0 905 - 1000
0.9 805 - 900
0.8 705 - 800
0.7 605 - 700
0.6 505 -600
0.5 < 5 0 0
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2.6.2 Absorption
A brief discussion of absorption was given in section 2.3.3 on clay bricks. Little published 
data on the water absorption of Calcium silicate units is available although absorptions of 
around 12% are typical.
2.6.3 Calcium silicate -  Mortar use
A long tradition of using calcium silicate units does not exist in the UK and that built was 
bonded using cement mortar. Recently, however, bonding larger format calcium silicate 
units using thin layer mortars has been undertaken. The large size and accuracy of 
modern calcium silicate units means they are ideal for thin joint construction.
2.7 The Development of Mortar for Masonry
In the previous section discussions on the use of mortar for particular unit types was 
given. In this section more detail on types of mortar and mortar properties both wet and 
hardened are examined. The following discussion only includes cement and thin layer 
mortar not lime mortar. The reason is that the testing work and subsequent analysis are 
based primarily on thin layer mortar and it is considered reasonable to compare this 
mortar to cement mortar but not to lime mortars.
2.7.1 Introduction
Mortar is the material used for bonding or jointing masonry units together. There are thus 
several important functions for this constituent material to fulfill. The mortar must bond the 
units together so that masonry as a whole can resist the applied compressive loads and 
the strength of the bond between the mortar and the units is particularly important when 
flexural loading such as that due to wind is considered.
Bond strength depends critically on the relationship between the mortar trying to retain its 
water in order to set and harden, and the unit trying to suck water out. Typically, minimal 
suction on the part of the unit, gives low bond strength and too much suction causes the 
mortar to dehydrate and not to strengthen. Bond implies more than just flexural strength: it 
also refers to watertightness. Cracks between mortar and unit will result in water passing 
through masonry. A good bond provides a watertight joint which prevents water 
penetrating the masonry. In the fresh state, mortar must remain workable so that the 
mason can lay the units plumb, in line and with even regular joints. Traditionally units 
could have slightly different sizes, and the mortar joints would accommodate the variation. 
Conventional joints are 10 mm or less in thickness [43].
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2.7.2 Cement Mortars
Cement mortar comprises various bonding materials but always includes cement, sand 
and water. Lime to improve the workability of the mortar is sometimes added and in 
recent decades retarders and other plasticity agents have been introduced to improve the 
workability of the mixture.
Mortar is placed between two units when wet and hardens to bond them together. 
Cement mortar in the UK is traditionally built using a 10mm thick joint. Factory-batched 
products are now common resulting in several methods of mortar manufacture, in addition 
to site batching and mixing. These are:
i. Ready mixed in factory, and retarded for a period of time to allow for delivery and 
use (i.e. wet ready-to-use mortar).
ii. Factory batched lime: sand for site mixing with cement and water.
iii. Factory dry batched and site mixed (i.e. dry ready to use mortar requiring only the 
addition of water).
iv. Factory dry batched and site mixed, using proprietary system, (e.g. silo mortar)
[43].
(Table 2.6) is a copy of (Table 13) of BS 5628-3: 2005 [13] and (Table 1) of BS 5628-1: 
2005 [2] and is similar to (Table NA.2) of NA to BS EN 1996-1-1: 2005 [44]. It shows a 
range of mortars with the ingredients prescribed by volume. Mortar may include air 
entraining agents and some are formed using masonry cements. Depending on the 
properties of the ingredients the strength of each, prescribed mortar can be varied. The 
mortars listed in Table 2.6 have been selected to provide mortar that will be readily 
workable, allow the mason building the brick or block to produce satisfactory work at an 
economic rate, be sufficiently durable and be able to assist in accommodating the strains 
arising from minor movements within the wall.
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2.7.3 Mortar mixing
Mortar components should be volume measured and mixed carefully before the addition 
of any water. Sand is added in a damp, loose condition to avoid over sanding. Repointing 
mortar is typically pre-hydrated by adding about half the water, mixing for 5 minutes so the 
mortar just holds together, then allowing it to stand for a period of time before the final 
water is added. The remaining water should be added in small portions until a mortar of 
the desired consistency is reached. The total volume of water necessary may vary but 
should tend to the minimum for two reasons: first, a drier mortar is cleaner to work with, 
and it can be compacted tightly into the joints; second, with no excess water to evaporate, 
the mortar cures without shrinkage cracks. Mortar should be used within approximately 30 
minute of final mixing. “Retempering” or adding more water, to freshen up the mortar 
should be avoided [45].
2.8 Properties of Mortar
The mortar to be used to build masonry needs to possess certain properties with regards 
to both its wet, non-hardened state and when it has hardened.
2.8.1 Fresh mortar
i. Workability: The mortar must be able to be used by the mason without slopping 
over new work; so it must not be too liquid. On the other hand, if it is so stiff that it 
cannot be spread easily when placed on the masonry units, building is very 
difficult. It needs to be able to squeeze out of the joint as units are positioned on 
the wet mortar so the unit above can be positioned accurately but the unit above 
must be adequately supported without allowing it to move after being put in place. 
The mortar must be capable of being cleanly laid onto the unit without sticking to 
the trowel. When a unit is being positioned on the mortar bed, and afterwards as 
additional courses are laid, water must not drain out of the mortar and stain the 
work already built; i.e. the mortar should not bleed.
ii. The mortar must set quickly enough so that the units above do not move but it 
must nevertheless remain workable while units are being positioned. Stiffening is a 
function of the chemical setting of the mortar, the loss of water from the mortar into 
the units being laid and evaporation into the atmosphere, all of these factors being 
influenced by the ambient temperature. With retarded mixes, the absorption of
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water into the units or the loss of water to the atmosphere triggers the start of the 
chemical setting process.
2.8.2 Hardened mortar
Hardened mortar needs to perform adequately for a long period of time, usually
comparable to the life of the building.
The following are the requirements for this product:
i. A mortar should not be adversely affected by its surroundings over the required life 
of the masonry. The quality of mortar depends on the use to which it will be 
subject and the environment in which it is placed.
ii. Strength. The strength of mortar is usually one of its identifiers [43]. For example, 
a mortar may be specified by its designation reference such as (iii), i.e. 1:1:5 or 6, 
or as an M4 mortar, i.e. having strength of 4N/mm^. The testing of mortar quality is 
often undertaken by reference to the strength obtained on test specimens made 
with wet mortar sampled from a batch from the mixer and after being cured for a 
standard period of time. For most uses this period is 28 days, but tests are also 
sometimes performed at 7 days, especially to give an early indication that the 
required strength will be achieved. The strength of a mortar can influence the 
strength of the masonry, although the effect is often far from linear. Similarly, the 
performance of ancillary components, such as wall ties, can be affected by the 
strength of the mortar [43].
iii. Mortar’s adhesion to the unit enables the composite to resist lateral forces caused 
by wind or soil loads. Adhesion results from the bonding of the mortar to the unit 
surface.
iv. Movement tolerance; Masonry units all alter in dimension due to changes of 
temperature or moisture content. This effect is usually allowed for in the design 
(e.g. by the appropriate use of movement joints); but it is also helpful to avoid the 
use of strong mortar that tends to be less ductile. This is a difficulty that can be 
exacerbated by not using the same mortar in the outer and inner leaf of a wall. 
Unfortunately mortar which is ideal for durability in the outer leaf is often stronger
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than is desirable for use with Aircrete or lightweight blockwork often used in the 
inner leaf.
V. Appearance (colour); in facing masonry, the colour of the mortar plays an 
important part in the overall effect. It is surprising how different appearances can 
be produced with a given brick by changing the mortar colour. It appears as 
though the brick itself has been changed whereas only the mortar colour is 
different. Although not strictly a performance aspect of mortar, the way in which 
the mortar joint is finished is important, affecting both the appearance and 
durability of the work. Joints may be flush, tooled to a shape (e.g. trowel struck); 
bucket handle finished or raked out [43].
2.9 Binders used in Traditional Cement Mortar
2.9.1 Cement
“C e m e n t is  a n  h y d ra u lic  b in d e r , i.e . a  f in e ly  g ro u n d  in o rg a n ic  m a te r ia l w h ic h , w h e n  m ix e d  
w ith  w a te r, fo rm s  a  p a s te  w h ic h  s e ts  a n d  h a rd e n s  b y  m e a n s  o f  h y d ra t io n  re a c t io n s  a n d  
p ro c e s s e s  a n d  w h ic h , a f te r  h a rd e n in g , re ta in s  its  s tre n g th  a n d  s ta b i l i ty  e v e n  u n d e r  w a te r  
[4 7 ] ’’.
Three types of cement binder are important in the masonry industry.
/. “C e m e n t c o n fo rm in g  to  B S  E N  1 9 7 -1 : 2 0 0 0  [4 7 ], te rm e d  C E M  c e m e n t, w h ic h  w h e n  
a p p ro p r ia te ly  b a tc h e d  a n d  m ix e d  w ith  a g g re g a te  a n d  w a te r, s h o u ld  b e  c a p a b le  o f  
p ro d u c in g  c o n c re te  o r  m o r ta r  w h ic h  re ta in s  its  w o rk a b il ity  fo r  a  s u f f ic ie n t  t im e  a n d  
a f te r  d e f in e d  p e r io d s  a tta in s  s p e c if ie d  s tre n g th  le v e ls  a n d  a ls o  p o s s e s s e s  lo n g ­
te rm  v o lu m e  s ta b ility . H y d ra u lic  h a rd e n in g  o f  C E M  c e m e n t is  p r im a r i ly  d u e  to  th e  
h y d ra t io n  o f  c a lc iu m  s il ic a te s  b u t  o th e r  c h e m ic a l c o m p o u n d s  m a y  a ls o  p a r t ic ip a te  
in  th e  h a rd e n in g  p ro c e s s , e .g . a lu m in a te s . T h e  s u m  o f  th e  re a c t iv e  c a lc iu m  o x id e  
(C a O ) a n d  s ilic o n  d io x id e  (S i0 2 )  in  C E M  c e m e n t s h o u ld  b e  a t  le a s t  5 0  %  b y  m a s s  
w h e n  th e  p ro p o r t io n s  a re  d e te rm in e d  in  a c c o rd a n c e  w ith  B S  E N  1 9 6 -2 : 2 0 0 5  [4 8 ].  
C E M  c e m e n ts  c o n s is t  o f  d if fe re n t  m a te r ia ls  a n d  a re  s ta t is t ic a l ly  h o m o g e n e o u s  in  
c o m p o s it io n  re s u lt in g  fro m  q u a lity  a s s u re d  p ro d u c t io n  a n d  m a te r ia l h a n d lin g  
p ro c e s s e s . T h e  l in k  b e tw e e n  th e s e  p ro d u c t io n  a n d  m a te r ia l h a n d lin g  p ro c e s s e s  
a n d  th e  c o n fo rm ity  o f  c e m e n t to  B S  E N  1 9 7 -1 : 2 0 0 0  [4 7 ]  is  e la b o ra te d  o n  in  B S  E N  
1 9 7 -2 : 2 0 0 0  [4 9 ] ’’.
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ii. There are also cements whose hardening is mainly due to other compounds, e.g. 
calcium aluminate in calcium aluminate cement.
iii. Masonry cement. This is a mixture of approximately 75% ordinary Portland 
cement, an inert mineral filler, and an air-entraining agent. The mineral filler is 
used to reduce the cement content, and the air entraining agent is added to 
improve the workability. Mortar made from masonry cement will have lower 
strengths compared to normal cement mortars of similar mix, and properties 
intermediate between cement: lime: sand mortar and plasticised cement: sand 
mortar [43].
2.9.2 Lime use in cement mortars
Lime is added to cement mortar to improve the workability, water retention, and bonding 
properties. The water retentivity property when lime is added is particularly important in 
situations were dry bricks might remove a considerable amount of water from the mortar 
thus leaving insufficient water for the hydration of the cement.
2.10 Thin Layer Mortar
In recent decades, thin layer mortar has gained in popularity. A number of different 
constituents, fine high quality graded sand and a Portland cement based powder mix 
which is polymer reinforced together with special shrinkage compensating components, 
and plasticising agents make up what is known as Thin Joint Mortar.
A workable thixotropic mortar is created by combining these substances with water in the 
mix design stage. The mortar though has relatively low water content. The resulting mix 
enables thin joints between masonry units to be made. Horizontal and vertical joints are 
formed down to 3 mm in thickness.
As a result an easily applied mortar can be achieved by the addition of water to an already 
mixed cement based product namely thin layer mortar. The design of such easily applied 
mortar is aimed to be used with a bed thickness ranging between 1mm -  3mm.
Thin layer mortar is more expensive than traditional mortar but has the advantage that its 
performance is best with joints of 3 mm or less. These mortars are usually factory made 
and supplied as a dry pre-mixed, cement based, bagged product that only needs the 
addition of water to make mortar. They differ from general use mortar in that they set far
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more rapidly thus giving early stability to the construction. The mortar provides an 
alternative to traditional sand/cement mortar and allows the depth of mortar to be reduced 
from 10 mm to 3 mm or less [50].
Thin joint mortar remains workable for up to 4 hours when in a skip but once spread on 
the block initial mortar set is achieved within 10 to 20 minutes. Final setting of the mortar 
is reached after approximately 1 to 2 hours [50].
As previously noted, once mixed, mortar is placed using a notched trowel along horizontal 
and vertical joint lines or in the case of bricks, using a pump. The thixotropy of the placed 
mortar plus a high early strength produces stability in the masonry sections during 
construction. Overhanging ends of brick or block courses are stable and do not require 
any special support.
At present, thin layer mortar is placed using a pump with brick. Two beads of mortar are 
usually laid on the bedding face of the lower unit and when the upper unit is positioned the 
joint width becomes about 70 mm. This process prevents mortar squeezing out of the 
joints onto the brick face which would necessitate cleaning. The disadvantage of this is 
loss of flexural strength. Increasing the width of the joint would improve flexural capacity 
but needs to be achieved without brick cleaning becoming necessary. Using the scoop or 
sledge with block specimens means squeezing mortar out of joints is not a problem.
2.10.1 Compressive strength of thin layer mortar
The compressive strength of thin layer masonry is generally higher than that of equivalent 
traditional masonry, and this is now recognised in BS EN 1996-1-1: 2005 [10]. Thin layer 
mortar joints are built differently for brick or block construction, and can accommodate 
larger blocks than are used in traditional masonry construction. Different mortar types are 
specified for brick, Aircrete, aggregate concrete or calcium silicate blocks.
2.10.2 Economical factors and Quality Control
The main issue concerned with the laying of thin joint masonry is its final performance, 
and this is dependant on the technique used in building the masonry. Up to the present, 
researchers and manufacturers have been concentrating on developing proprietary 
systems to lay thin joint masonry and optimising the constituent materials, so performance 
is enhanced. Achieving these aims and objectives involves significant economical factors 
and at present the system cannot be described as low budget. This disadvantage.
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however, needs to be further considered. Firstly the cost of thin layer mortar is likely to 
reduce as more of the product is used. Secondly, the benefits to masonry of improved 
bond and durability will reduce maintenance costs [51]. Third, thin layer masonry can be 
built more quickly than traditional masonry. At present, there is no reliable comparison 
between conventional and thin layer masonry with respect to the costs involved. Despite 
this, it is evident [51, 52, 53, 54, and 55] that in the past few years, thin layer mortar 
masonry has grown in popularity in Europe.
2.11 Summary
This literature review has examined various aspects of masonry from ancient to recent 
times. Developments in the materials used to form masonry units have been discussed. 
Clay, both fired and unfired has been used as a form of masonry unit from ancient times 
to the present often with very little change in the basic manufacturing process. More 
recently concrete blocks have been utilised to form masonry units. The aggregates and 
binders used in these blocks vary and have changed as this material has developed over 
the last one hundred and fifty years. Calcium silicate units have limited market share in 
the UK but there is potential for future increased use with this material. But it is in the area 
of mortars that most change has occurred in the masonry industry. Developments from 
simply stacking units to form walls and joining units together with mud and clay have 
progressed to using lime and cement mortars and finally to polymer modified mortars 
where the masonry, not the joint is the weak point and plates of masonry as opposed to 
units with “weak” joints are now possible. The rest of this thesis examines the properties 
of a range of thin joint masonry materials and the mortar that forms them.
For all the above, the following overview of advantages and disadvantages of thin joint 
masonry:
• The process of laying the bed joint adhesive can be performed in one single rapid 
operation of construction, they differ from general use mortar in that they set far 
more rapidly thus giving early stability to the construction.
• Working conditions for prefabricated walls becomes much simplified when 
constructed in a factory, speed of construction and overall quality are generally 
considered better than for traditional mortar.
• Glued joints are stronger than traditional mortar to allow higher lifts to be 
constructed.
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Opportunities made available for new markets which could include unreinforced 
masonry basements, as well as corridor walls in schools and some hospitals as 
well as the element of pre-fabrication.
Reduced sound transmittance and easier maintenance, also mortar hardens 
faster, walls can also be loaded earlier than with traditional mixes with associated 
economic benefits, similar benefits with concrete blocks are likely.
Aircrete units’ high degree of porosity reduces thermal conductivity.
Using thinner joints has both improved thermal performance and construction 
speeds and resulted in; better air tightness, less waste and improved lateral load 
capacity.
Using thinner joints has improved the speed of laying. In addition to this, if the 
inner skin of a cavity wall is rapidly constructed, earlier installation of other 
components such as floors and roof timbers is possible. By separating outer and 
inner leaf construction schedules, a weather tight envelope is achieved rapidly, 
with the brickwork or external cladding no longer affecting completion times.
Requirements now included in the UK building Regulations can be met more 
easily using thin layer mortar in conjunction with Aircrete.
Thin joint construction is ideal with Calcium silicate block units due to their large 
size and accuracy for more rapid construction speed.
Calcium silicate units have limited market share in the UK but there is potential for 
future increased use with thin layer mortar.
For all the above points, during construction, thin joint mortar has good workability 
which enables efficient use by the masonry unit layer. Thin joint mortar spreads 
easily so as to provide a level bed on which to align the masonry units of brick or 
blocks.
Thin joint mortar is more expensive than traditional mortar and needs special skills 
and tools when build with this material.
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Chapter 3: Experimental Procedures
3.1 Introduction
The methodology used for this research is described in this chapter thus forming a basis 
for subsequent chapters, with transition from the British Standards to European Norm 
both the new and the old were conducted where possible, as a comparative study.
This research reports on experimental work that investigates the properties of thin layer 
masonry. Three clay, one dense concrete and one Aircrete brick, two concrete blocks and 
calcium silicate units were included in the studies. The units were bonded into Couplets 
(CU), Stack Bonded Beams (SBB) and wallettes using four types of mortar. The 
experimental work aimed to relate the tensile bond and compressive strength of masonry 
to mortar properties. The variables investigated include: The effect of ageing on flexural 
strength; the impact of different curing regimes on flexural strength; the impact of initial 
unit moisture content and dry density on flexural strength; the effect of different forms of 
constructing thin joint masonry on tensile flexural strength and how the consistency of the 
mortar affects tensile strength. With respect to this latter point, the mortar consistency 
was altered by, increasing or decreasing the water content. In addition the wet and 
hardened properties of the mortar were monitored. With respect to compressive strength 
testing, unit width and age at testing are the variables examined.
Experimental work was initially undertaken on units alone (bricks and blocks), then 
subsequent tests were carried out on mortar and finally CU, SBB and wallettes were built 
and tested. Unreinforced masonry design in the UK is currently undertaken in accordance 
with BS 5628-1: 2005 [2], the code of practice for the structural use of unreinforced 
masonry. The code is appropriate for structures designed using conventional masonry 
although limited information is included on thin layer mortars in flexural and shear strength 
situations. The European Standard BS EN 1996-1-1: 2005 [10] and its National Annex
[44] provide more information than BS 5628-1: 2005 [2] on the design of thin layer 
masonry, and will ultimately supplant BS 5628-1: 2005 [2].
In chapter 2 many of the advantages of building using thin layer masonry were 
considered. In particular, the flexural strength, thermal and acoustic properties and build 
times were examined. These benefits offer the industry opportunities to use masonry in 
new ways and the potential to exploit new markets. However, the material and other
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properties of thin layer masonry have not yet been established with confidence, and so in 
order to partly fill that gap this programme of testing has been undertaken. The 
experimental work examines the physical properties of thin layer mortar and masonry 
constructed using it. Clay, Aircrete and Concrete bricks, and Calcium Silicate and dense 
concrete blocks were included and a range of mortars appropriate to the units were 
studied.
In all, five phases of testing work were undertaken as follows:-
1. Unit testing.
2. Mortar testing.
3. Bond wrench testing using couplets and stack bonded beams.
4. Flexural testing of wallette specimens.
a) Testing about an axis parallel to bed joints (B-wallette testing).
b) Testing about an axis perpendicular to bed joints (P-wallette testing).
5. Compression testing of wallette specimens.
The experimental programme includes tests on units, mortar, and masonry specimens. 
The mortar was examined in the fresh and hardened state, B and P- wallettes as well as 
bond wrench specimens of masonry were tested in flexure. In addition to this, masonry 
wallette specimens were tested in compression. Figure 3.1 shows the main three phases 
of the experimental programme, these phases subjected in 7 programmes in such a 
version as to make it simpler for the reader to engage in the overall idea behind the 
testing. Each programme is made up of several tests as shown in Table 3.1. The 
remainder of this chapter describes the testing undertaken.
The following abbreviations for unit types are used;
AAC - Aircrete bricks
RSB - Red smooth clay bricks
RRB - Red rough clay bricks
YRB - Yellow rough clay bricks
CB - Concrete bricks
GDC - Grey solid dense concrete blocks
YDC - Yellow solid dense concrete blocks
CaSBI (S) - Calcium silicate blocks (small) - (250 x 150 x 200 mm)
CaSBI (L) - Calcium silicate blocks (large) (1000 x 625 x either 100, 150, 240 mm)
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CaSBI (C100) - Cube cut from large calcium silicate units (100 x 100 x 100 mm).
CaSBI (Cl 50) - Cube cut from large calcium silicate units (100 x 100 x 105 mm).
CaSBI (C240) - Cube cut from large calcium silicate units (100 x 100 x 240 mm).
CaSBI (VB500) - Beam cut vertically from large calcium silicate units (100 x 100 x 500
mm).
CaSBI (HB500) - Beam cut horizontally from large calcium silicate units (100 x 100 x 500 
mm).
CaSBI (VBE+/-250) - Beam ends (originally, the vertically beam tested in flexure) - (100 x 
100 X +/-250 mm).
CaSBI (HBE+/-250) - Beam ends (originally, the horizontally beam tested in flexure) - (100 
X 100x500 mm).
All the units tested in this chapter except YRB were subsequently tested as masonry 
specimens. Figure 3.1 shows the programme of tests used in this research.
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3.2 Masonry Unit Testing
3.2.1 Dimensions
The dimensions of the all masonry units were determined in accordance with BS EN 772- 
16: 2000 [57].
i. Apparatus
Measuring devices which conformed to the requirements for measuring precision given in 
Table 3.2 were used.
Table 3.2: Measurement precision
Tolerance on the dimension being measured 
as specified in the relevant part of EN 771 
(mm)
Measuring error 
(maximum) 
(mm)
< 1 0,2
> 1 0,5
ii. Specimen preparation:
A minimum number of six specimens were tested for dimensional accuracy. During 
testing any superfluous material adhering to the unit as a result of the manufacturing 
process was removed before measuring.
iii. Testing and method statement
After preparation, the length, width and height of the specimens were measured using a 
measuring device.
iv. Calculation and expression of results
The dimensions were expressed to the nearest 0.1 mm.
3.2.2 Density
The densities of all masonry units were determined in accordance with BS EN 772-13: 
2000 [42]. After measuring the dimensions, the density of the same specimens used for 
measuring the dimensions was determined. Thus a minimum number of specimens were 
tested.
The test specimens were dried to constant mass ( " w J , in a ventilated oven at a 
temperature of 105 ±5 °C apart from Aircrete which was at 70 ±5 °C.
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Constant mass is reached, if during the drying process in two subsequent weighings with 
a 24 hour interval, the loss in mass between the two determinations is not more than 0.2 
% of the total mass. The mass (m d ry ,u ) was recorded.
The volume (v) of the material is then calculated by using the formula:
Volume= length x width x height, the value is expressed to the nearest 10"^  mm^.
Having calculated the gross volume of unit from the unit dimensions subtracting the 
volume of perforations the following formulae found the gross dry density by
dividing the dry mass (m dry,u) by the gross volume (v g ^ J  of the unit:
P g . u  =  — ^  X 10^  (  k g / m ^ )
'^g.U
Formula 1 -  Gross dry density
3.2.3 Moisture content by mass
i. Introduction
The test to determine the moisture content by mass of masonry units was carried out in 
accordance with BS EN 772-10: 1999 [58]. After drying to constant mass as noted in
3.2.2 (iv), the moisture content was calculated as the ratio of the loss of mass during 
drying to the specimen mass after drying.
ii. Apparatus
The following apparatus were used:
• Ventilated oven capable of maintaining a temperature of 105 ± 5°C for clay 
masonry units or 70°C ± 5°C for aggregate concrete and autoclaved aerated 
concrete units.
• Weighing instrument capable of weighing specimens to an accuracy of at least
0.1% of their mass.
iii. Specimen preparation
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A minimum of 6 representative samples from at least three units were prepared. Any 
superfluous material adhering to the unit as a result of the manufacturing process was 
removed before testing.
iv. Testing and method statement 
Determining the moisture content was commenced immediately after removing the blocks 
from the pallets. Before drying, the weight of the test specimens (m o ,s ) was determined in
grams. The test specimens were dried at a temperature of 105°C ± 5°C for clay masonry 
units or 70°C ± 5°C for aggregate concrete and autoclaved aerated concrete specimens, 
until a constant mass was achieved. After drying to constant mass, the specimens were 
weighed again (m dry,s) in grams.
V. Calculation and expression of results 
The moisture content (w s )  of the specimens was calculated from the ratio of the loss in 
mass during drying to the dry mass, expressed as a percentage to the nearest 0.5 %.
^dry,s
Formula 2 -  Moisture content by mass
Where: w .  ~  Moisture content (% by mass)
mo,s Mass of specimen before drying (g)
mdry,s = Mass of Specimen after drying (g)
The mean value of the moisture content of the six specimens was then calculated to the 
nearest 1 %.
3.2.4 Initial rate of surface water absorption
i. Introduction
The initial surface water absorption of masonry units was determined in accordance with 
BS EN 772-11: 2000 [14]. After drying to constant mass as indicated in section 3.2.2, a 
face of the masonry unit was immersed in water to a depth of 5±1mm for a specific period 
of time and the increase in mass was determined.
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ii. Apparatus 
The test set-up is shown in Figure 3.2 which consists of;
• A large tray with a minimum depth of 20 mm and of plan area larger than 
the face of the block unit to be immersed and fitted with a means of 
maintaining constant water level.
• A supporting device plan area of 400 mm^ to keep specimens clear of the 
tray base.
• Stopwatch, graduated in seconds.
• Ventilated oven capable of maintaining a temperature 105 °C ± 5 °C for 
clay masonry units or 70°C ± 5°C for aggregate concrete and autoclaved 
aerated concrete units.
• Scales capable of weighing specimens to an accuracy of 0.1% of their 
mass when dry.
Figure 3.2: Test Set-up for Initial Rate of Water Absorption Test
m y # '
iii. Specimen preparation 
Testing was undertaken on six specimens of each of the following units: AAC, RSB, YRB 
and CB. Prior to testing, specimens were dried to a constant mass.
iv. Testing and method statement.
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Test specimens were cooled to room temperature, then, the dimensions of the face to be 
immersed were measured. Next specimens were immersed in the water on a supportive 
device and removed and weighed after 60 seconds for clay bricks, RSB, and YRB in 
accordance with BS EN 771-1: 2003 [7], after 600 seconds for concrete bricks 
accordance with BS EN 771-3: 2003 [19] and after 300, 600 and 1200 seconds for 
Aircrete bricks accordance with BS EN 771-4: 2003 [59]. After the immersion time (r^o^the 
specimens were removed, excess water was wiped off the surface using a damp cloth 
and the specimen re- weighed
V. Calculation and expression of results:
• The initial surface water absorption of the units due to capillary action to the 
nearest 0.1g/{m ^ x min ) was calculated using the following equation:
Cwi,s = X 7(9^  [k g  / ( X m in ) ]
A s  I
Formula 3 -  IRA -  initial rate of water absorption for masonry units 
The coefficient of water absorption of the masonry units due to capillary action 
of each specimen was calculated to the nearest lg / { m ^ x s ^ - ^ )  using the 
following formula:
m so,s
Formula 4 -  coefficient of water absorption due to capillary suction
Where:
Cwis = Initial rate of water absorption for clay masonry units, \kg /(m ^  x min)\
Cw.s = Coefficient of water absorption ( g /m ^ x s ^ - ^ )
nidry.s = Mass of the specimen after drying (g)
rriso s = Mass of the specimen in grams after soaking for time t, (g)
As = Gross area of the face of the specimen immersed in water (mm^)
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tso =  Time of soaking G)
t  = Varies for clay, concrete or aircrete to be in accordance with the code
3.2.5 Water Absorption -  “Cold soak” - BS EN 771-1: 2003 [7]
Tests are conducted on ten units which are ensured to be oven dried at a temperature of 
105 ± 5 °C up till that of constant mass. The dry mass, (rrid) of the specimens is recorded 
by use of a weighing scale and constant mass is considered to have been met if in the 
case that within the process of drying and in subsequent measurements of mass being 
noted with not less than a 24 hour interval, the decrease in mass between the two limits is 
found to be below a level of 0.2 % of the total mass. It is essential that the test specimens 
be allowed to cool till they reach ambient temperatures and it is only when this stage has 
been reached that they may be weighed and their corresponding masses recorded.
A tank of water at room temperature is used to place each unit inside and it is this water 
that is to be in contact with all the unit faces. This can be achieved by way of resting the 
units on small pads. These pads would effectively act as spacers for the units and they 
can be left submerged beneath the water for 24 hours. The units are then removed from 
the water tank and any surplus water found on their outer surfaces be removed by making 
use of a damp sponge or cloth even. The test specimens can then be weighed on the 
scales and their corresponding wet masses, (triw) be recorded.
Recording the wet mass (m j and dry mass (irid ) of each specimen the water absorption 
(Wm) was calculated using the formula below followed by the overall mean water 
absorption, all to the nearest 1 %.
100%
n id
Formula 5 -  Absorption of units
3.2.6 Compressive strength of units
The compressive strength of a unit is a measure of its ability to resist crushing. Depending 
on the type of material it is made of and the manufacturing process the compressive 
property will vary significantly. It is the single most important characteristic in the structural 
design of load bearing masonry in traditional wall construction.
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The compressive strength of all the units except the calcium silicate blocks was 
determined according to BS EN 772-1: 2000 [9], A testing machine conforming to BS EN 
772-1: 2000 [9] was used. As the expected compressive strength of the masonry units 
was below 20 N/mm^ the loading rate did not exceed 0.15 N/mmVs, as shown in Table 
3.3.
Table 3.3: Loading Rate [9]
Expected compressive strength (N/mm )^ Loading rate (N/mm=)/s
< 10 0.05
11 to 20 0.15
21 to 40 0.3
41 to 80 0.6
> 80 1.0
Units were stored in the laboratory then prior to testing oven dried, clay masonry units at 
105°C, aggregate and an Aircrete brick at 70°C until constant mass was achieved as 
noted in 3.2.2.iv. After the units cooled the compressive test was carried out. Although the 
standard requires that the bed faces of units are ground parallel, the dry units were tested 
by placing plywood above and below which was used as packing to assist uniformity of 
loading. BS 5628-1: 2005 [2] states that the compressive strength of clay bricks
determined using plywood packing generally, achieve lower compressive strengths than 
when tested with their faces ground. The total number of units tested per brick type was 
ten, accordance with BS EN 772-1: 2000 [9].
When testing, an initial loading rate not exceeding 0.15 (N/mm^)/s was applied. When 
about half the expected maximum load had been applied, the rate was adjusted so that 
the maximum load was reached in not less than approximately 1 minute. The maximum 
load achieved was recorded.
The strength of each specimen was determined by dividing the maximum load achieved 
by the loaded area, which is the gross area for either units intended to be laid on a full 
bed of mortar as with these specimens, or for units to be face-shell or strip-bedded or 
those containing frogs not intended to be filled in practice, or in other cases in accordance 
with 7.4.2 of BS EN 772-1: 2000 [9], and expressed to the nearest 0.1 N/mm^. In addition 
the standard deviation and coefficient of variation of samples was determined.
The strength of each specimen was calculated by dividing the maximum load achieved by 
its loaded area and was expressed to the nearest 0.1 N/mm^.
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Where;
F
/ .  = —  N  /  mm^ 
bd
Formula 6 -  Compressive strength of units
/  = The compressive strength of unit
F = The failure load, in Newton (N)
b = The specimen length, in millimetres (mm)
d  = The specimen depth in millimetres (mm)
3.2.7 The compressive strength of the calcium silicate units
The compressive strength of the calcium silicate units was determined using samples cut 
from blocks. All cut specimens had an end elevation of 100 x 100mm and were 100, 150 
or 240mm long. This meant that the actual compressive strength obtained was also the 
normalised strength. The strength of the three widths of block was obtained in accordance 
with BS EN 772-13: 2000 [42].
The cut specimens were conditioned by leaving them in the laboratory at a temperature of 
15°C and a relative humidity of 65% for a minimum of 14 days in accordance with clause 
7.3.2(a) of BS EN 772-1: 2000 [9]. After 14 days specimens were weighed and this 
procedure was repeated again 24 hours later until insignificant differences between 
weights were recorded. At this point testing was undertaken. All specimens were tested in 
an orientation corresponding to that they would have when subject to vertical loads in a 
wall. Material density was also determined. Figures 3.3A and 3.3B shows a 100 x 100 x 
100mm specimen in the testing machine.
Figure 3.3A and 3.3B: Compressive strength of calcium silicate units determined
3.3B
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The strength of each specimen was calculated by dividing the maximum load achieved by 
its loaded area and was expressed to the nearest 0.1 N/mm^, using the Formula number 
6 .
3.2.8 Tensile flexural strength of grey dense concrete blocks.
No testing for flexural strength was undertaken for clay, Aircrete, or concrete bricks. Only 
the grey dense concrete blocks (dimensions: Length = 440 mm, height = 215 mm and 
thick = 100 mm) were tested for flexural strength in accordance with BS EN 772-6: 2001 
[60]. The apparatus for this test is shown in Figure 3.4.
Figure 3.4: Single block units tested under 3 points loading
3 9 0  m m
4 4 0  m m
F I
h d ^
Formula 7 -  the flexural tensile strength of concrete units by a flexural test.
Where:
/
F
I
h
d
B3
The tensile flexural strength of the specimen, in Newton per square 
millimeters.
The failure load, in Newton, N 
The distance between supports, mm 
The specimen height, mm 
The specimen depth, mm
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The advantage of a three point flexural test is the ease of the specimen preparation and 
testing. However, this method also has some disadvantages: the results of the testing 
method are sensitive to specimen and loading geometry and strain rate [61].
3.2.9 Flexural Tensile strength of Calcium Silicate Masonry Units
The flexural strength of the calcium silicate units was determined using 100 x 100 x 500 
mm long specimens cut from the 100 mm wide larger units and tested under four point 
loading in accordance with BS EN 771-2: 2003 [40]. Figures 3.5A and 3.5B show aspects 
of the test.
Figure 3.5A and 3.5B: Flexural strength of Calcium Silicate units determined in accordance with
BS EN 771-2: 2003 [40],
E L
4
Formula 8 -  the tensile flexural strength of specimens cut from CaSBI(L) units
Where:
/
F
I
h
d
The tensile flexural strength of the specimen, in Newton p e r  square 
millimeters.
The failure load, in Newton, N 
The distance between supports, mm 
The specimen height, mm 
The specimen depth, mm
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3.3 Masonry Mortar
3.3.1 Mortar manufacture, curing and testing
With all the thin layer mortars manufactured in this testing programme, a proprietary 
mortar powder containing all the necessary ingredients was added to water in the correct 
proportions (by weight). Mixing was undertaken in a large clean plastic container using a 
wire paddle attached to a variable speed drill in order to achieve a smooth consistency. 
Mixing was in accordance with the manufacturers instructions.
Water was first placed in the mixer drum then with the drill running on slow; mortar 
powder was gradually added into the container until a paste of smooth consistency was 
produced. The mixing rate was increased when all the powder was added. Overall mixing 
took about 5 minutes. After mixing, the mortar was allowed to stand for a further 5 
minutes, and then stirred again prior to application.
Four different thin layer mortars were used in the testing programme. Three of these are 
proportioned by weight and this procedure was followed through all the testing. The 
manufacturer of the fourth mortar (Ardex) specified volume proportions and this procedure 
was adopted for the first mix but thereafter equivalent weights were used as shown in 
Table 3.4.
Table 3.4: Manufacturers recommended proportions for mortar
M ortar Type
M anufacturers Recom m endations
By w eigh t 
M ortar powder: w ater
By vo lum e  
M ortar powder: w ater
Ardex X7G  Plus 2.4:1 1.75:1
Celflx Mortar 5.7:1 -
Silka Mortar 4.2:1 -
Dûnnbettmôrt Mortar 2.5:1 -
3.3.2 Fresh Mortar Testing
Wet mortar testing included determination of the flow table value, the dropping ball value 
and the plunger penetration depth.
3.3.2.1 Flow Table
Flow values were determined in accordance with BS EN 1015-3: 1999 [62]. The flow 
value was measured as the mean diameter of a test sample of the fresh mortar which had
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been placed on the flow table disc using a defined mould, and given 15 impacts by raising 
the flow table and allowing it to fall freely through a given height. Figure 3.6A shows the 
apparatus and Figure 3.6B the spread mortar being measured. With the flow table test, 
the result was the average of either 4 or 16 results. In the former instance, one test was 
undertaken, from which 4 diameter readings were taken. In the latter the test was 
repeated 4 times and so 16 readings were obtained and averaged.
Figure 3.6A: Flow Table apparatus and Figure 3.6B: Mortar diameters -  Flow Table BS EN 1015-3; 1999 [62].
^  ...................
»
S.3.2.2 Dropping ball test
Workability of mortar has traditionally been determined in the United Kingdom using the 
'dropping ball' test described in BS 4551-1; 1998 [63]. Dropping ball values of about 13 
mm are used in conventional masonry construction [63].The test measures the depth of 
penetration of a standard ball dropped through a standard height into mortar. Figure 3.7 
show aspects of the test.
Figure 3.7: Dropping ball test apparatus
m m ™
A*-
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3.3.2.3 Plunger penetration test
This test is similar to the dropping ball test, but has the advantage of giving a direct 
reading. It is a rapid and simple test and was carried out in accordance with BS EN 1015- 
4; 1999 [64]. Figures 3.8 shows photos of aspects of the test.
Figure 3.8: Photos of plunger penetration test apparatus
y f  I '
3.3.3 Hardened mortar testing
The strength and durability requirements of a mortar depend upon the type of service the 
masonry is required to perform. When hardened in a finished wall mortar has to transfer 
the compressive, tensile and shear stresses between the units and remain sufficiently 
durable to continue to do so over the life of the structure. A stronger and more durable 
mortar is required for walls subjected to relatively severe stresses or exposure conditions 
compared to mortar laid for general-purpose applications.
Hardened mortar testing included compressive, flexural and tensile strength tests. Figure 
3.9A shows the types of mortar used. Figure 3.9B mortar being mixed, and Figure 3.9C- 
3.9F specimens of mortar after manufacture. Compressive strength testing to BS EN 
1015-11: 1999 [65] was undertaken on the remnants of broken beam specimens of mortar 
(originally 160 x 40 x 40 mm), these being initially failed in flexure. In addition some 100 
mm cubes were tested in compression. Tensile flexural testing as mentioned above was 
undertaken on 160 x 40 x 40 mm mortar prisms under three point loading and direct 
tensile testing was undertaken on dog bone shaped small specimens. With the 100mm 
cubes, sets of 5 cubes were constructed and tested at different ages for each mix. With 
the flexural and direct tensile testing 3 specimens per mix were tested but with the
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compression testing which required each broken half of a flexural specimen to be tested, 
obviously 6 specimens resulted.
Figures 3.9: Photos of types of mortar used, mortar being mixed, and specimens after manufacture
3.3.3.1 Curing of specimens
After casting, mortar specimens were covered with polythene for 24 hours, when they 
were de-moulded and stored in a curing room at 20°C temperature and 95% relative 
humidity until testing. Figures 3.10A and 3.1 OB show specimens in the curing room.
Figures 3.10A and 3.10B: Specimens inside curing room
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3.3.3 2 Compressive tests -  40mm Prism Ends
Mortar compressive strength was determined in accordance with BS EN 1015-11: 1999 
[65]. This requires the broken ends of a 40 x 40 x 160mm long prism to be tested in 
compression and the average determined. In this programme of work, three prisms were 
made so six compressive strength tests were included in each result. Figures 3.11A and
3.1 IB  indicate the compressive testing of mortar, and some failed specimens.
Figures 3.11 A  and 3.1 IB :  Compressive testing of 40 mm mortar specimens
É : —
The strength of each specimen was calculated by dividing the maximum load achieved by 
its loaded area and was expressed to the nearest 0.1 N/mm^, using the Formula number 
6 .
3.3.3.3 Compressive tests - 100mm cubes
Mortar compressive strength was also determined in accordance with BS EN 1015-11: 
1999 [65]. This requires a 100 x 100 x 100mm cube to be tested under compressive load. 
See Figures 3.12A and 3.12B.
The strength of each specimen was calculated by dividing the maximum load achieved by 
its loaded area and was expressed to the nearest 0.1 N/mm^, using the Formula number
6 .
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Figures 3.12A and 3.12B: Compressive testing of 100 mm mortar specimen
100mm
8
3.12B
100mm
3.3.S.4 Tensile flexural strength -  Prism test
Mortar tensile flexural strength was determined in accordance with BS EN 1015-11: 1999 
[65]. This requires a 40 x 40 x 160mm long prism to be tested in flexure under a central 
point load over a 100mm span. See Figure 3.13.
The flexural strength of each specimen is determined to the nearest 0.05 N/mm^, the 
mean to the nearest 0.1 N/mm^. The flexural strength, ( / )  in N/mm^ is determined using 
the following equation:
FI ,
f  =  1 .5 — z N  /  mm
Formula 9 -  the bending tensile strength of mortar by a flexural test.
Where; /
F
I
h
d
The flexural strength (N/mm^).
The maximum load applied to the specimen, in Newtons (N).
The distance between the axes of the support rollers, in millimetres 
(mm).
The height of specimen in millimetres (mm).
The depth of specimen in millimetres (mm).
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Figures 3.13: Photos of flexural testing of mortar
3.3.3.5 Direct tensile test
There is no British or European standard relating to this test but it was considered useful 
to ascertain the direct tensile strength of mortar. Figure 3.14A shows the apparatus used, 
Figure 3.14B shows Schematic diagram of dog bone configuration and Figure 3.14C 
shows photos of dog bone moulds. Three dog bone shaped specimens were made for 
each of a number of mortar mixes. After 24 hours the specimens were demoulded and 
cured. At the required age, each specimen was fitted into the apparatus as shown in 
Figures 3.14A and 3.14B which provides a gradually increasing direct tensile force to the 
specimen up to failure which occurs across the neck of the specimen.
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Figure 3.14A: Photo of dog bone testing rig with a specimen being tested
3.14B: Schematic diagram of dog bone configuration; dimensions in mm
74
3.140: Photos of dog bone moulds
0»
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3.4 Masonry
3.4.1 The Manufacture of Masonry Specimens -  general background
The flexural strength of masonry was determined using two different test regimes: 
wallettes and bond wrench. Table 6.2 summaries the range of testing undertaken. To 
construct the specimens the mortar was mixed to a smooth consistency. Mix proportions 
in accordance with the manufactures recommendations were used initially, although later, 
variations to the water binder ratio were included to determine how this affected bond. A 
mortar depth of 3mm was achieved by placing the mortar using a toothed scoop. With 
some specimens, a second technique of laying mortar termed the “scoop and trowel” 
method was adopted. Mortar was placed on the lower unit using the scoop, then 1mm of 
mortar was towelled over the lower bed surface of the unit above and the joint formed 
between mortar and mortar as shown in Figure 3.ISA and 3.1 SB. It is traditional to build 
thin layer brickwork using a pump to lay the mortar. This procedure was not used in this 
programme.
With wallettes, perpends were mortared by placing blocks on their ends and applying 
mortar to the unit before laying it. Both Wallettes and bond wrench specimens were 
constructed in the vertical orientation and tested in horizontal orientation. Wallettes were 
tested in accordance with BS EN 1052-2: 1999 [66] (the test also conformed to BS 5628- 
1: 2005 [2]), and the bond wrench couplet specimens in accordance with BS EN 1052-5: 
2005 [67].
Masonry specimens were cured under polythene until testing which occurred at a variety 
of ages up to and occasionally beyond 28 days enabling the effect of age and curing to be 
investigated. Couplet specimens were pre-loaded with 3 concrete bricks whilst curing.
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Figures 3.15A and 3.15B: Construction methods
3.4.2 Flexural testing -  Oven cured of masonry specimens
As part of the programme Stack Bonded Beam (SBB) specimens were manufactured in 
pairs to evaluate the impact of early age heating on the bond of thin layer masonry. One 
of the pair was close wrapped in polythene and pre-weighted with three units until testing. 
The complementary pair was placed in an oven but no pre-load was possible. The air 
cured specimens were tested at a range of ages up to 56 days but all oven heated 
specimens were tested at 28 days although the time specimens were left in the oven 
varied. The heat treatment was applied to investigate the effects of high temperatures 
during the early age of specimens on the bond strength. Similar heat effects on masonry 
occur in chimneys where temperatures may reach 70 to 105 °C, in cases of a fire incident 
were temperatures may exceed 100 °C  as well as when masonry is exposed to extremely 
hot weather conditions, in regions such as the Middle East (chapter 6 gives test details). 
Aircrete was heated to 70°C, all other units to 105°C in an attempt to replicate the 
requirements in the code for drying units.
3.4.3 Flexural testing - Bond Wrench specimens
The standard describes the apparatus, testing procedure and results to be obtained for 
the analysing formula. The following parameters and procedures are a synopsis taken 
from BS EN 1052-5: 2005 [67].
The standard describes the test rig in three parts:
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1. Support frame
A suitable support frame and clamp which holds in place the unit beneath 
the top bed joint of the SBB specimen without applying any significant 
bending moment to any lower units. Shown in Figure 3.16 with Area A 
shown in greater detail in Figure 3.17.
2. Bond wrench (BR) parameters
The BR is described as: A lever which has a clamp at one end which can be 
applied to the top unit of the SBB. The lever arm should be at least 1m in 
length. The tensile stress applied to a specimen due to the weight of the 
lever and clamp should not exceed 0.05 N/mm^.
3. Testing procedure
A means of applying downward force to the lever arm without shock and a 
means of measuring this force with an accuracy of ±1%. An example of a 
suitable clamping arrangement is shown in Figure 3.16. The specimen 
should not be subjected to any torsional stress, either from the weight of the 
lever or the applied force. Where highly perforated bricks with thin shells are 
to be tested, the faces of the clamp will need to be as large as is practicable 
so as to avoid local crushing of the units under the action of the clamping 
force.
Weighing device capable of weighing a masonry unit to an accuracy of ± 
1%. Apparatus capable of measuring the dimensions of the specimens to an 
accuracy of ±1 mm.
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Figure 3.16: BS EN 1052-2: 1999 [66] -  Suitable support frame and clamp
Figure 3.17: BS EN 1052-2: 1999 [66] -  Enlargement of area ‘A ’
A
Figure 3.18 shows a schematic representation of the bond wrench used to test the bricks, 
concrete blocks and calcium silicate units. In practice two different rigs were used. With 
the concrete blocks it was possible to increase the couple applied to the top unit by 
increasing the vertical distance x (Figure 3.18) whereas with bricks, because they are 
thinner this was not possible. The weight of the wrench used to test the bricks was 9.8 kg, 
whereas that the weight used to test the concrete block units weighed 36.39 kg and 
calcium silicate units weighed 21.11 kg. Both items of equipment were counter balanced 
and the weights given include this component. Figure 3.19 shows the apparatus used to 
test bricks. Figure 3.20 that to break concrete blocks. In addition to the clay bricks and 
concrete blocks, calcium silicate units were tested using the bond wrench shown in Figure 
3.21. This apparatus is the same as that used to test the blocks but with the jaws 
widened. Again the weight was 21.11 kg and the apparatus was counter balanced. Figure 
3.21 shows a calcium silicate couplet test in operation. The flexural strength of all 
specimens tested by bond wrench was obtained in accordance with BS EN 1052-5: 2005 
[67].
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Figure 3.18: Schematic diagram of bond wrench testing -  Bricks, concrete blocks and calcium silicate units
100m m  (all brick units)
100m m  (solid concrete  block units) 
150m m  (calcium  silicate units) Load
X  = 2 8 m m  (bricks) 
= 5 7 .5 m m  (blocks)C oun terba lance
M ortar joint
Lever arm  - 8 00m m  (bricks) 
Lever arm  - 1 000m m  (concrete  
blocks and calcium  silicate units)
For each valid failure the bond strength is calculated and the range of accuracy is to the 
nearest 0.01 N/mm^ using the following formulae:
f  . =Wl
F j6] + F 2 62  - ~ d  { f  I + F 2~^^ /  4)
Where Z =
bd^
Formula 10 -  the bending tensile strength of couplets and beams by a flexural test.
Figure 3.19: Bond wrench -  Brick units
$
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Figure 3.20: Bond wrench -  Concrete block
% . . . .. r .
r n n # ;  m.,
i f l
w
" r ^
I
Figure 3.21: Bond wrench -  Calcium silicate block units
3.4,4 Flexural wallette testing
Both B and P-wallettes were tested and these tests were in accordance with BS 5628-1 : 
2005 [2] and BS EN 1052-2; 1999 [66]. The wallette testing was undertaken on the grey 
and yellow concrete blocks and on calcium silicate units. In the following, the tests on 
concrete and calcium silicate specimens are described separately.
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3.4.4.1 Testing (procedure) -  Concrete block wallettes
B-wallette specimens were tested as shown in Figure 3.22 whilst failed P-wallettes are 
shown in Figure 3.23A and 3.23B. Both tests used 4 point loading. With both B and P- 
wallettes, specimens were free from restraint along the base.
The following test procedure was adopted for B-wallettes. See Figure 3.24
i. Specimens were carefully placed in the testing equipment
• The distance between the upper edge bearings and the top or bottom of 
the specimen was 50mm, giving a support span of 983 mm.
• The distance between the inner load lines was 432 mm.
• The wallette was symmetrical in the frame.
ii. Loads were applied hydraulically.
iii. Five replicates were tested.
iv. The flexural strength of each specimen was calculated, to the nearest 0.01 
N/mm^, in accordance with BS EN 1052-2: 1999 [66].
2b ,i
Formula 11 -  the tensile flexural strength of masonry B-wallette by a flexural test. 
Where:
b = The width of masonry specimen
Fi,max = Maximum load applied to an individual masonry specimen (N)
h  = Spacing of the outer bearings (mm)
h  = Spacing of the inner bearings (mm)
tu = Thickness of the masonry unit (mm)
The following test procedure was adopted for P-wallettes. See Figure 3.25
i. Specimens were carefully placed in the testing equipment.
• The distance between the side edge bearings and the left or right of the 
specimen was 50 mm giving
• The support span was 1004 mm
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The distance between the load lines was 514 mm. 
The wallette was symmetrical in the frame.
II.
IV .
Loads were applied hydraulically 
Five replicates were tested.
The flexural strength (/^.J of each specimen was calculated, to the nearest 0.01 
N/mm^, in accordance with BS EN 1052-2: 1999 [66].
A
2hC
Formula 12 -  the tensile flexural strength of masonry P-wallette by a flexural test.
Where, h
F  I max
h
h
L
= The height of masonry specimen
= Maximum load applied to an individual masonry specimen (N) 
= Spacing of the outer bearings (mm)
= Spacing of the inner bearings (mm)
= Thickness the masonry unit (mm)
Figure 3.22: Photos of B-wallettes testing - Concrete blocks
i  t  ‘ ■
. i*
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Figure 3.23A and 3.23B: Failed P-v/allettes
Wi
Figures 3.24:Test dimensions for block wallettes in the B orientation
E
Eo
E
EolO
Figure 3.25:Test dimensions for block wallettes in the P orientation 
514mm
50mm 1004mm
866mm
50mm
1104mm
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3.4.5 Displacement measurements
With some B-wallettes, deflection data was obtained in addition to the failure load from 
the flexural test arrangement. The deflection evaluation of two sets of five concrete block 
wallettes [(programme 3-test 27 and programme 4-test 19)] was undertaken. Figure 3.26 
indicates the location of Linear Variable Different Transformers (LVDT’s) used to measure 
the deflection.
Displacement data was continuously gathered by data logger but only corroborated to 
load values at intervals of 0.5 kN. Curvatures of the wallettes were evaluated by 
subtracting the average displacement recorded by the LVDT’s near the supports from the 
mid-span displacement. This information was used to determine other properties such as 
the flexural rigidity and the modulus of elasticity at different stress levels.
Figure 3.26: Block B-wallettes - Location of LVDT’s
I
107.5
107.5
313
© b
662
LVDT’s @ 
Dimensions in mm
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The LVDT’s were connected to unloaded elements of the test rig by means of magnetic 
bases. With programme 3, test 27; the wallettes were loaded up to failure in 0.5 kN 
increments. Deflection readings were taken at each increment.
With programme 4, test 19; the wallettes were cyclically loaded to failure using 1.0 kN 
intervals. Deflection readings were taken at each increment of load in every cycle.
0, 1.0 kN 
0, 1.0, 2.0 kN
0, 1.0, 2.0, 3.0 kN etc. up to failure.
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A data logger collected displacement data continuously but this was only calibrated to 
load values at intervals of 0.5kN or 1.0 kN. The curvature of the wallettes at varying levels 
of stress was calculated based on the specific location of the three LVDT’s. Figure 3.27A 
and 3.27B shows a wallette being tested using LVDT’s. Calculation and expression for 
wallette deflection in appendix N and F.
Figure 3.27A, 3.27B: B-wallette undertaking deflection readings
3.4.6 Calcium Silicate Units
Testing of large formant calcium silicate specimens was undertaken for flexural as well as 
compressive strengths. The units were 1000 mm long x 600 mm high in elevation and 
three thicknesses, 100, 150 and 240 mm were examined.
3.4.6.1 Calcium Silicate block Masonry - Flexural testing
B and P-wallettes were constructed in accordance with BS EN 1052-2: 1999 [66]. 
Dünnbettmôrt mortar was mixed as specified by the manufacturer using 7.5-8.0 litres of 
water per 20 kg sack of mortar, in a large bucket with a specially provided paddle 
attached to a variable speed drill. Only whole sacks were used when mixing even if 
smaller mortar quantities were required in order to ensure the mix proportions remained 
constant.
Specimens were constructed on pre-cast concrete lintels, these having been levelled and 
bedded on to a concrete surface using conventional mortar at least one day earlier. A 
plastic bond breaker was placed over the lintel and the lowest layer of units was bedded 
onto this using thin layer mortar.
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Units were pre-cut when necessary using an angle grinder and individual units were 
positioned using a mobile crane. A simple lifting device specially designed for use with 
these blocks enabled full or half blocks to be rapidly raised and lowered as shown in 
Figure 3.28A and 3.28B.
Figure 3.28A and 3.28B: Lifting device for use with large Format Calcium silicate Units.
3.288
Only uncut surfaces were bonded. Prior to mortar application the bedding surfaces of the 
units were wetted using a sponge. Mortar was placed using the Silka mortar applicator. 
Figure 3.29A and 3.29B shows this equipment. Units were carefully positioned and 
repositioning of blocks after placement was kept to a minimum.
Specimens were constructed out of doors during a very hot and windy period 
necessitating lateral support during storage. The wind precluded close covering of the 
specimens to promote curing although several attempts at this were made. No additional 
units were placed on top of the wallettes as recommended in BS EN 1052-2: 1999 [66].
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Figure 3.29A, 3.29B: Mortar was placed using the Silka mortar applicator
Applying pre-compression to the top layer of units is necessary only when using small 
units which are relatively light and ensures the joints in the top two or three rows of the 
masonry belong to the same statistical population as the rest. With large units there is no 
need for pre-compression.
Flexural strength testing was carried out about axes parallel (B-wallette) and 
perpendicular (P-wallettes) to the bed joints in accordance with BS EN 1052-2; 1999 [66]. 
Figure 3.30 is a schematic diagram of the testing with a B-wallette in place. B-wallettes 
were 1.5 unit long x 3 units high whilst the P-wallettes were 2.5 units long x 2 units high.
Figure 3.30: Schematic side elevation of test rig with wall being bent about an axis parallel to the bed joints.
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Figures 3.31 and 3.32 show the B and P-wallette test specimens and configuration for the 
flexural specimen testing. Finished B-wallettes were about 1500 mm x 1875 mm high 
whilst the P-wallettes were about 2506 mm x 1252 mm high. Each specimen was 
accurately measured prior to testing.
Figure 3.31: B-wallette specimens (Calcium Silicate Blocks) and test set up
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/
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Figure 3.32: P-wallette specimens (Calcium Silicate blocks) and test set up
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The test configurations shown in Figures 3.31 and 3.32 enable a zone of constant 
bending moment between the load lines under lateral load. Failure of the specimens 
occurred in this region in all instances. Three dial gauges were used to measure the 
deflection during testing of the wallette specimens. These were positioned along the 
centre line of the specimen as shown on Figures 3.31 and 3.32. Figure 3.33 show various 
aspects of the test.
Figure 3.33: B-wallette, calcium silicate block testing -  Various aspects
I
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3.4.6.1.1 Testing procedure for B-Wallette
All the wallette flexural strength testing occurred at a builder’s yard between the 25 July 
and the 8 of August 2006. A proprietary testing rig was designed and built in order to 
undertake the testing. The rig comprised of two large frames denoted the wall and jack 
reaction frames, between these and suspended from a chain was a smaller loading 
frame. Adjustment of this loading frame was carried out using a block and tackle attached 
to the frame which allowed the load and support lines to be accurately positioned relative 
to the specimen. The block and tackle was suspended from a steel beam which spanned 
between the load and reaction frames and a frictionless bogey allowed the load frame to 
be moved horizontally. See Figures 3.30 and 3.33.
A forklift was used to move the wallettes. Two canvas straps were slung under the 
wallette and connected over a steel beam attached to the fork lift truck, which lifted the 
wallette in the vertical orientation. The wallettes were dropped onto rollers as near to the 
rig as possible (Figure 3.33) in order to minimise the possibility of the specimens falling 
over. The specimens were then pushed into position as shown in Figures 3.30 and 3.33 
and full contact with the wall reaction frame ensured. The loading frame was carefully 
married up to the face of the wall remote from the reaction frame and the jack positioned 
between the loading and jack reaction frames as indicated in Figure 3.33. Positioning of 
the dial gauges then followed as shown in Figure 3.31A and 3.32B. The test dimensions 
and location of the dial gauges is shown in Figure 3.34. Prior to any load being imparted 
into the wall, a “zero” reading of the dial gauges was taken. The specimens were loaded 
incrementally up to failure. At each load step dial gauge readings were taken. The test 
configuration produced a zone of constant bending moment between the two load lines.
Figures 3.34A  and 3.34B: Positioning of dial gauges on Calcium Silicate wallette
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3.4.6.1.2 Testing procedure for P-wallettes
P-wallettes were tested in accordance with BS EN 1052-2: 1999 [66]. Figure 3.35 shows 
the P-wallette test specimen in the testing rig with dial gauges in place and Figure 3.32 
gives the test dimensions. Specimens were individually measured prior to testing. The 
test configuration shown in Figure 3.32 enables a zone of constant bending moment 
between the load lines and shows the location of the dial gauges used to measure 
deflections during testing of the wallette specimens. Three dial gauges were positioned 
along the centre line of the specimen as shown on Figure. 3.35. The reason for the 
constant bending moment between two load lines determined to measure the stiffness of 
masonry wallette.
Figure 3.35: P-wallette tests
MM
3.4.6.2 Calcium Silicate block Masonry- Compressive testing
All specimens tested in compression tests were constructed using calcium silicate units 
having the same dimensions in elevation of 1000 mm x 625 mm. Three thicknesses, of 
100, 150 and 240mm were included in the programme. The units were bonded into 
wallettes using Dünnbettmôrt TRGS 613 thin layer mortar, and these wallettes were then 
crushed.
3.4.6.2.1 Manufacturing procedure -  Calcium Silicate block wallettes
To construct the wallettes for compressive strength testing, mortar was mixed as 
indicated in section 3.4.6.1. Compression specimens were built on rigid reinforced 
concrete beams which contained lifting eyes. Prior to construction the relevant numbers of
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half length units were cut using on angle grinder. Care was taken to ensure only uncut 
surfaces were bonded. The positioning of units was performed with care to minimise re­
alignment after the original positioning, as this affects bond. A soft hammer, to re-align 
incorrectly positioned units, was sometimes necessary.
The units themselves have two pre-formed holes on their top beds into which plastic plugs 
were inserted and used as a guide to accurately position the units. Further, a slot along 
the bottom face of the units designed to fit over the plastic plug ensured accurate 
transverse alignment. A simple lifting device shown in Figure 3.28A and 3.28B was used 
to lift and move the units. The device was connected to an overhead crane which was 
used to position units accurately when building the wallettes. Wallettes took about 20 
minutes to build, and were about 1500 mm wide x 1875 mm high. Specimens were either 
100, 150 or 240 mm thick.
Once constructed, the reinforced concrete beams with the wallettes in place, were lifted 
and moved to their storage locations when they were closely covered with polythene until 
testing. Walls were crushed at a range of ages up to 14 days. Prior to the compressive 
strength testing 12 demec studs, 6 per face, were glued to the walls at the locations 
indicated in Figure 3.36. These demecs were included to enable Elastic Modulus of the 
wall to be found. Because the wallettes were so big it was impossible to position the 
demec studs at the mid height of units as BS EN 1052-1: 1999 [68] requires in all cases 
as the range of the demec gauge was only 400mm. Positioning the upper and lower studs 
100 mm from the joint was considered acceptable. To determine Young’s Modulus, strain 
over a distance of 800mm was determined at four locations, two on each side of the wall 
and averaged. BS EN 1052-1: 1999 [68] also requires strain be determined over a length 
in excess of 2/3 the wallette height and this requirement was achieved using the coupled 
pairs of demec studs.
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Figure 3.36: Compression testing of wallettes.
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3.4.6.2.2 Calcium silicate masonry - Compressive strength testing
An Amsler compression testing machine capable of delivering 1000 tonnes was used for 
the compression tests. Testing was undertaken between the 17 July and the 17 August 
2006. The lower platen of the Amsler testing machine is mounted on rails and can be 
disconnected from the compression testing machine and rolled into the laboratory. Once 
in this position, the walls were carefully centred on the platen using the laboratory 
overhead crane. BS 1052-1: 1999 [68] requires the top of walls tested in compression to 
be fully in contact with the upper platen. To achieve this what the code terms a 
compensating material was trowelled onto the top of the wall and covered with plastic 
sheeting, then the wall was rolled into the Amsler Machine and a 20 tonne pre- load 
applied to ensure full contact. When the compensating material (herculite) had set, the 
wall was removed and the quality of the bed face examined. If acceptable the wall was 
ready for testing but if the surface was irregular another layer of herculite was applied and 
the process repeated.
Once the top of the wall was acceptably bedded, testing commenced. Prior to any load 
being applied a ‘zero’ reading of all the demec studs was taken. Loads were applied in 
increments to the walls, the increment depending on the estimated failure load of the 
panel. Obviously the intervals also depended on the wall thickness. BS EN 1052-1: 1999 
[68] requires strain readings be taken up to half the failure load but in this project, the 
walls failed explosively so protective wooden panels were slotted into the machine next to
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the wall when about 1/3 of the failure load was achieved and no demec readings were 
taken from that point onward.
The test should take no more than 30 minutes according to the standard. This 30 minute, 
maximum permissible time limit was challenging, with respect to the size of the 
specimens and the additional demec readings required. After the first test which took 35 
minutes, most subsequent tests were within the 30 minute mark. If the time limit were to 
be exceeded this may influence softer materials that could creep over longer periods but 
with calcium silicate units extending beyond the time is unlikely to have much impact.
The following steps were performed to test the walls.
1. The’ zero’ reading of all the Demec studs was taken
2. Load increased to first increment and held
3. Demec readings taken.
4. Steps 2 and 3 repeated for the second, third and subsequent increments.
5. Safety guards positioned around the wall.
6. Wall loaded to failure.
7. Failure mode and form noted if possible.
8. Wall dismantled and demolished.
Since the safety guards were positioned around the wall from as low as 0.33 of the 
ultimate load, determining the onset of the very first visible crack was not possible in all 
cases. Where cracks appeared before the guards were positioned around the wall, their 
position was noted. Figure 3.37 shows a failed wall after testing.
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Figure 3.37: Compressive testing of calcium silicate B-W allette specimen
3.5 Summary
In this chapter, no test results have been presented, only descriptions of the various test 
methods undertaken. Wherever possible testing has been undertaken in accordance with 
British and European standards. In some instances testing procedures which have been 
withdrawn from current standards have been included to enable comparisons with historic 
data. The testing procedures cover unit tests, mortar testing and masonry testing
Unit testing: In this section the following tests on units have been undertaken: check on 
unit dimensions, unit density, unit compressive strength, unit moisture content, and the 
initial rate of surface water absorption. All tests were in accordance with European 
standards.
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Mortar testing: To determine the workability of mortar, the flow table, plunger penetration, 
and dropping ball tests were undertaken. The former two are current European tests and 
were carried out in accordance with appropriate codes. The dropping ball test has been 
withdrawn from the British standards so was carried out in accordance with the withdrawn 
British standard. The testing of hardened mortar specimens included compressive 
strength testing carried on the broken halves of small prisms, initially failed in flexure. 
Both these tests are in accordance with current European procedures. In addition 
compressive strength testing of 100 mm cubes and direct tensile testing were undertaken.
Masonry testing: Flexural strength testing using either the wallette test method or bond 
wrench was undertaken in accordance with current European procedures as was the 
compressive strength testing of calcium silicate units. In general, the use of thin layer 
mortar is acceptable with all concrete and clay units and with calcium silicate units under 
compression. With this latter material, however, the stresses in flexure developed under 
lateral loading were low and may need further research work. It is unwise, however, to be 
prescriptive at this stage as further developments in the mortar may result in improved 
properties.
In this research, it was found that all types of bricks and blocks bonded successfully with 
all four types of mortar except for the yellow bricks.
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Chapter 4: Experimental Results and Analysis -  Units
4.1 introduction
In this chapter the experimental findings on masonry units and materials are presented. 
Table 4.1 summarises the tests undertaken on the units, includes the standards to which 
the tests were carried out and indicates the abbreviations of the units tested.
Complete results for units and materials can be found in Appendices A and K.
4.2 Dimensional Tolerance of the Units
Tables 4.2 - 4.8 summarise the data. In these tables, the length L, height H and width W 
of 10 units was measured and is recorded. The average, highest, lowest and range of all 
dimensions is presented in the tables. In addition the weight and density of each unit is 
included and the average diameters of any holes through the unit if relevant are also 
recorded. The nominal dimensions are given, and a plan of each unit indicating the size of 
any holes through the unit is attached to each figure.
According to BS EN 772-16: 2000 [57] the dimensional tolerance for clay brick units is 
specified in BS EN 771-1: 2003 [7], for aggregate concrete masonry units this information 
is given in BS EN 771-3: 2003 [19] and for Aircrete units it is given in BS EN 771-4: 2003 
[59]. The dimensional tolerance of the Calcium Silicate Units was not determined. With 
clay bricks each dimension is given 2 tolerances [T1 and T2] and 2 ranges [R1 and R2], 
with [T2 and R2] being the more stringent. With brickwork the tolerances and possible 
ranges specified in the code still do not appear to recognise the more stringent tolerance 
that thin layer technology requires when applied to bricks. For aggregate concrete 
masonry units, tolerances to each unit dimension are given but there are 4 possibilities 
D1-D4, D1 (+3, -5mm on all dimensions) is the most appropriate for common block 
applications. Tolerance D4 is intended solely for blocks to be laid with thin joint mortar. 
Closer tolerances on any single dimension may be declared by the manufacturer for any 
tolerance category. With Aircrete units the tolerance for using thin layer masonry is 
specified as either Thin Layer Mortar (TLM) A or Thin Layer Mortar (TLM) B, the former 
being the more stringent.
The codes enable units to be classified within certain tolerances. When building with thin 
layer mortar where the joint is below 3mm thick, if the difference between the thicknesses
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of 2 adjacent units is 3.0mm then the wall may become impossible to build. In reality a 
difference in block height of exactly 3mm means 1 unit will have to completely squash the 
mortar from a bed joint, a situation which cannot occur in practice, and a height difference 
of 2/3 of the thickness of the mortar bed may be a better solution. Table 4.9 summaries 
the range of unit heights for the units tested. According to this and using the 2/3 
classification the three concrete units and YRB are acceptable for thin layer construction. 
In actual fact a statistical analysis which builds a fictional wall using units with different 
height ranges would be required to accurately evaluate the maximum permissible range 
for thin layer masonry. Alternatively the thickness of the joint would need to be increased.
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Table 4.2: Dimensional Tolerance of Red Smooth Clay Bricks
Unit Number
Dimensions (mm) Weight Density
L W H g kg/m^
1 216.0 105.4 65.0 2513.5 1970.5
2 217.0 104.4 64.7 2496.8 1977.7
3 218.0 104.8 65.6 2506.8 1939.3
4 217.2 103.9 64.7 2498.3 1987.8
5 214.5 103.9 64.7 2483.5 2005.0
6 216.5 104.5 65.9 2504.3 1950.5
7 217.0 104.4 64.9 2499.0 1973.3
8 218.0 103.9 65.1 2503.2 1971.0
9 217.6 104.2 65.0 2510.0 1977.0
10 218.0 104.1 64.9 2492.0 1963.9
Average 217.0 104.4 65.1 2500.7 1971.6
Highest value (mm) 218.0 105.4 65.9
Lowest value (mm) 214.5 103.9 64.7 H= 65 1 /
Range (mm) 4 2 1
csi
i
- - - -  O “ “-O'" ~o^ ■ ^
26.6 !
(b oe o o
15 ' 20 /
Nominal Dimensions (mm) 215.0 102.5 65.0
Actual tolerance -2.0 -1.8 0.0
BS EN771-1: 2003 [7]
T1 6 4 3
--  y
T2 4 3 2 L=215
R1 9 6 5
Dimensions in mmR2 4 3 2
Table 4.3: Dimensional Tolerance of Yellow Rough Clay Bricks
Unit Number
Dimensions (mm) Weight Density
L W H 9 kg/m^
1 215.8 101.5 65.5 1949.3 1641.2
2 216.0 101.2 65.2 1944.5 1648.7
3 216.0 100.9 65.2 1921.5 1635.1
4 215.7 102.1 65.5 1946.0 1627.7
5 215.0 101.2 66.7 1913.8 1595.1
6 216.6 100.8 65.8 1921.3 1616.5
7 215.9 100.5 65.2 1920.0 1642.6
8 215.0 101.1 65.9 1916.5 1618.7
9 215.6 100.5 65.4 1940.0 1657.4
10 216.0 100.7 65.2 1936.0 1651.4
Average 215.8 101.1 65.6 1930.9 1633.5
Highest value (mm) 216.6 102.1 66.7
Lowest value (mm) 215.0 100.5 65.2 H = 65 7 ^  - ......................... /
/
Range (mm) 2 2 2
S
II
§
-/
4
J36Nominal Dimensions (mm) 215.0 102.5 65.0
Actual tolerance -0.8 1.4 -0.6
BS EN 771-1: 2003 [7]
T1 6 4 3
T2 4 3 2 ^ ^
R1 9 6 5
L=
Dimensions in mmR2 4 3 2
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Table 4.4: Dimensional Tolerance of Red Rough Clay Bricks
Unit Number
Dimensions mm) Weight Density
L W H g kg/m®
1 216.0 104.0 64.0 2496.5 2018.8
2 217.0 104.0 69.0 2515.2 1876.5
3 215.0 102.0 63.0 2463.1 2080.9
4 214.0 104.0 64.0 1497.5 1224.2
5 219.0 104.0 64.0 2499.6 1989.2
6 212.0 104.0 64.0 2493.6 2060.9
7 213.0 105.0 67.0 2446.2 1899.3
8 221.0 105.0 65.0 2492.1 1911.0
9 217.0 104.0 65.0 2529.8 2003.5
10 216.0 104.0 65.0 2517.9 2004.8
Average 216.0 104.0 65.0 2395.2 1906.9
Highest value (mm) 221.0 105.0 69.0
Lowest value (mm) 212.0 102.0 63.0 H= 65 ---------------------------------- /
Range (mm) 9 3 6
O
Î
-
A
- - -  O  - - 0 ^  -  7
oe 0 0
15 20 /
Nominal Dimensions (mm) 215.0 102.5 65.0
Actual Tolerance -1.0 -1.5 1.0
BS EN 771 -1: 2003 [7
T1 6 4 3 -----/ ----------------- ±:------------------
T2 4 3 2 7 k -------------------------------------------------- f
R1 9 6 5 L=215
Dimensions in mmR2 4 3 2
Table 4.5: Dimensional Tolerance of Concrete Bricks
Unit Number Dimensions (mm) Weight Density
L W H g kg/m®
1 215.0 100.9 65.9 3047 2131.4
2 215.0 99.4 65.5 2903.8 2074.4
3 215.0 100.7 65.2 2990.8 2118.7
4 215.0 99.9 65.4 2878.3 2049.1
5 215.5 100.3 65.7 2979.3 2098.0
6 215.0 103.1 65.7 3103.3 2130.9
7 215.0 100.0 65.2 2993 2135.1
8 215.0 101.9 65.9 3010.3 2085.0
9 215.5 100.5 65.8 3044 2136.0
10 215.0 100.8 65.3 2991.8 2114.1
Average 215.1 100.8 65.5 2994.2 2107.3
Highest value (mm) 215.5 103.1 65.9
Lowest value (mm) 215.0 99.4 65.2
Range (mm) 1 4 1
Nominal Dimensions (mm) 215.0 102.5 65.0 H= 65 i / ' y /
Actual Tolerance -0.1 1.8 -0.5
s
Î
/
BSEN 771-3: 2003 [19]
D1 +3 +3 +3
-5 -5 -5
D2
+1 +1 +2 '
-3 -3 -2 Ac--------------------------------------------- ^1 -  91 A '
D3 +1 +1 +1.5
Dimensions in mm
-3 -3 -1.5
D4 +1 +1 +1-3 -3 -1
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Table 4.6: Dimensional Tolerance of Aircrete Bricks
Unit Number
Dimensions (mm) Weight Density
L W H g kg/m®
1 211.8 98.1 64.1 879.3 660.2
2 212.0 99.7 67.2 955.3 672.6
3 212.0 101.1 64.1 910.3 662.6
4 212.0 96.5 64.1 865.3 659.9
5 211.5 99.2 64.2 883.0 655.5
6 212.0 100.0 64.0 905.8 667.6
7 212.0 96.5 64.1 901.5 687.5
8 212.0 99.2 64.2 886.9 656.9
9 211.5 99.2 64.0 897.6 668.5
10 211.8 98.1 64.1 901.3 676.7
Average 211.9 98.8 64.1 898.6 666.8
Highest value (mm) 212.0 101.1 64.2
Lowest value (mm) 211.5 96.5 64.0 U - ec ------7K-V ' J
Range (mm) 1 5 3 /
S
Î
Nominal Dimensions (mm) 215.0 102.5 65.0
Actual Tolerance 3.1 3.7 0.9
Tolerance BS EN 771-4: 2003 [59] /
TLMA
+3 +2 +2 k, .. y
-3 -2 -2 L=215
TLMB +1.5 +1.5 +1.0
Dimensions in mm-1.5 -1.5 +1.0
Table 4.7: Dimensional Tolerance of Grey Dense Concrete Blocks
Unit Number
Dimensions mm) Weight Density
L W H 9 kg/m®
1 440.0 100.0 214.0 16080.0 1707.7
2 439.0 100.0 216.0 16090.0 1696.8
3 441.0 100.0 214.0 16060.0 1701.7
4 440.0 100.0 215.0 16080.0 1699.8
5 439.0 100.0 215.0 16090.0 1704.7
6 439.0 100.0 214.0 16080.0 1711.6
7 442.0 100.0 216.0 16090.0 1685.3
8 439.0 100.0 216.0 16090.0 1696.8
9 441.0 100.0 215.0 16080.0 1695.9
10 440.0 100.0 215.0 16080.0 1699.8
Average 440.0 100.0 215.0 16082.0 1700.0
Highest value (mm) 442.0 100.0 216.0
Lowest value (mm) 439.0 100.0 214.0
Range (mm) 3 0 2
Nominal Dimensions (mm) 440.0 100.0 215.0 W = 100 7 * 7 -------- 7
/
Actual Tolerance 0.0 0.0 1.0
X
BS EN 771-3: 2003 [19]
D1 +3 +3 +3
-5 -5 -5
D2 +1 +1 +2
-3 -3 -2
D3 +1 +1 +1.5 ^ ^
-3 -3 -1.5 L= 440
Dimensions in mm
D4 +1 +1 +1
-3 -3 -1
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Table 4.8: Dimensional Tolerance of Yellow Dense Concrete Blocks
Unit Number
Dimensions (mm) Weight Density
L W H g kg/m®
1 439.0 100.0 215.0 13183.0 1396.7
2 440.0 100.0 215.0 13268.5 1402.6
3 439.0 100.0 214.0 13267.5 1412.2
4 439.0 100.0 216.0 13256.0 1398.0
5 442.0 100.0 216.0 13200.0 1382.6
6 440.0 100.0 214.0 13268.5 1409.1
7 439.0 100.0 216.0 13255.0 1397.9
8 441.0 100.0 214.0 13260.0 1405.0
9 440.0 100.0 215.0 13255.0 1401.2
10 441.0 100.0 215.0 13250.0 1397.5
Average 440.0 100.0 215.0 13246.4 1400.3
Highest value (mm) 442.0 100.0 216.0
Lowest value (mm) 439.0 100.0 214.0
Range (mm) 3 0 2
Nominal Dimensions (mm) 440.0 100.0 215.0 W = 100 y /
Actual Tolerance 0.0 0.0 0.0
X
r
X
BSEN 771-3: 2003 [19]
D1 +3 +3 +3
-5 -5 -5
02
+1 +1 +2 /
-3 -3 -2 r  L u
03 +1 +1 +1.5 ^  L= 440
-3 -3 -1.5 Dimensions in mm
04 +1 +1 +1
-3 -3 -1
Table 4.9: Units acceptable for thin layer construction
Unit
Type
Range of Unit Heights 
(mm)
Acceptable For Thin Joint 
Construction
RSB 1 Yes
YRB 2 Yes
RRB 6 No
OB 1 Yes
AAC 3 Yes
GDC 2 Yes
YDC 2
4.3 Gross Dry Density -  BS EN 772-13: 2000 [42]
The specification in the European standards with regards to the clay brick units is in 
relation to two separate groups of masonry units which can be labelled as being either 
high density or low density units.
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The units can be detailed as:
• High Density (HD) units have a density greater than 1000 kg/m^. Units that are 
exposed to the elements (facing bricks) have to be HD in order to maintain 
durability.
• Low Density (LD) units have a density not greater than 1000 kg/m^. Units that are 
protected from the elements (internal bricks) can be LD.
Table 4.10 summaries the densities of the four brick sized units included and five types of 
Calcium Silicate specimen cut from large units, with the three Calcium Silicate specimens, 
which were either 100 x 100 x (100, 150 or 240mm) only three replicates per block 
thickness were produced, but with all the other specimens, six replicates are included. 
However additional information on calcium silicate density was obtained using 100 x 100 
X 500 mm long specimens cut from bigger units for flexure testing as indicated in Table 
4.10. With these specimens there are 6 density specimens. Also included in the table are 
mean densities and the standard deviation and coefficients of variation of the specimen 
sets. The two clay bricks had average densities of 1971.8 and 1627.4 kg/m^ whilst the 
concrete brick’s density was 2100.4 kg/m^. The average Aircrete density was 663.1 kg/m^ 
and the average densities of the Calcium Silicate specimens cut to determine 
compressive strength were 1824.8, 1809.7, and 1815.0 k g in f ,  close enough to confirm all 
came from the same batch. When density is determined using the failed halves of longer 
flexural specimens (100 x 100 x +/-250mm), the average density was 1894.7 kg/m^ for 
specimens cut vertically and 1873.5 kg/m^ for specimens cut horizontally, both last two 
densities considerably higher than that of the other specimens. This finding is unexpected 
and no explanation is evident as shown in Figure 4.1.
With the brick units, their densities varied considerably so their standard deviations could 
be expected to alter in a broadly similar manner which is the case. The coefficients of 
variation of those units are, however, all less than 1.6 % indicating good consistency. 
Further the coefficient of variation all four brick types (RRB, YRB, CB and AAC -  Table 
4.10) are below 1.6 suggesting all these materials are consistent. The coefficient of 
variation represents the ratio of the standard deviation to the mean, and it is a useful 
statistic for comparing the degree of variation from one data series to another, even if the 
means are drastically different from each other. The coefficient of variation is a 
dimensionless number. Therefore when comparing between data sets with different units 
or widely different means, one should use the coefficient of variation for comparison 
instead of the standard deviation, for more information about standard deviation, 
coefficient of vibration and other statistics see Appendix-P. With the calcium silicate
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specimens the coefficients of variation are higher and in 2 sets of specimens just exceed 
2%. Nevertheless, this indicates a high degree of consistency in the manufacture of these 
units.
Aircrete is the only unit among the rest which is not HD as all the rest are HD, which is 
expected due to the reason that all the units except Aircrete are capable of being used as 
facing brick. Aircrete had to be weighed down during testing due to its tendency to float 
and this is confirmed given that water’s density is known to be 1000 kg/m^ whereas that of 
Aircrete is around 664 kg/m^.
The greatest volume belongs to the concrete units then there is that of Aircrete, in 
addition and due to perforation the volume of red and yellow brick units is lower. The 
units’ weights can be seen to follow the same trend as density.
Figure 4.1 : Dry density -  All units
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Table 4.10: Gross Dry Density
Results
Weight Volume DryDensity Weight Volume
Dry
Density Weight Volume
Dry
Density
g mm® Kg/m® 9 mm® Kg/m® 9 mm® Kg/m®
Red Smooth Clay Brick Unit Yellow Rough Clay Brick Unit *Grey Dense Concrete Block Unit
1 2513.5 1275586.0 1970.5 1949.3 1187731.2 1641.2 13700.0 7025641.0 1950
2 2496.8 1262478.2 1977.7 1944.5 1179389.8 1648.7 - - -
3 2506.8 1292608.6 1939.3 1921.5 1175164.8 1635.1 - - -
4 2498.3 1256802.7 1987.8 1946.0 1195543.3 1627.7 - - -
5 2483.5 1238652.4 2005.0 1913.8 1199772.9 1595.1 - - -
6 2504.3 1283880.3 1950.5 1921.3 1188537.5 1616.5 - - -
AVG 2500.5 1268334.7 1971.8 1932.7 1187689.9 1627.4 13700.0 1950.0
STDV 10.3 19656.0 24.1 15.5 9318.4 19.3 - - -
COV% 0.4 . 1.5 1.2 0.8 0.8 1.2 - - -
Concrete Brick Unit Aircrete Brick Unit *Yellow Dense Concrete Block Unit
1 3047.0 1429601.7 2131.4 879.3 1331842.9 660.2 13700.0 7025641.0 1950
2 2903.8 1399800.5 2074.4 955.3 1420366.1 672.6 - - -
3 2990.8 1411612.6 2118.7 910.3 1373868.1 662.6 - - -
4 2878.3 1404693.9 2049.1 865.3 1311357.8 659.9 - - -
5 2979.3 1420082.5 2098.0 883.0 1346967.4 655.5 - - -
6 3103.3 1456339.1 2130.9 905.8 1356800.0 667.6 - - -
AVG 2983.8 1420355.0 2100.4 899.8 1356867.0 663.1 13700.0 1450.0
STDV 84.7 20613.7 33.3 32.0 37726.6 6.1 - - -
cov% 2.8 1.5 1.6 3.6 2.8 0.9 - - -
Calcium silicate block specimen (cut from large unit)
CaSBI(CIOO) 
(100 X 100 X 100mm)
CaSBI(C150) 
(150 X 100 x  100mm)
CaSBI(C240) 
(240 X 100 X 100mm)
1 1829.2 1000000 1829.2 2680 1500000 1786.7 4273.2 2400000 1780.5
2 1786 1000000 1786.0 2732.8 1500000 1821.9 4421.5 2400000 1842.3
3 1859.3 1000000 1859.3 2730.8 1500000 1820.5 4373.6 2400000 1822.3
AVG 1824.8 1000000.0 1824.8 2714.5 1500000.0 1809.7 4356.1 2400000.0 1815.0
STDV 36.8 0.0 36.8 29.9 0.0 19.9 75.7 0.0 31.5
COV% 2.0 0.0 2.0 1.1 0.0 1.1 1.7 0.0 1.7
CaSBI(VBE+/-250) 
+/-250 X 100 X 100mm
CaSBI(HBE+/-250) 
+/-250 X 100 X 100mm
1 4871.5 2625000.0 1855.8 - - - 4955.8 2445000.0 2026.9
2 4861.7 2575000.0 1888.0 - - - 5011.3 2825000.0 1773.9
3 4952.5 2840000.0 1743.8 - - - 4644.5 2380000.0 1951.5
4 4860.3 2480000.0 1959.8 - - - 4708.4 2710000.0 1737.4
5 4861.3 2480000.0 1960.2 - - - 4787.5 2480000.0 1930.4
6 4862.3 2480000.0 1-960.6 - - - 4825.5 2650000.0 1820.9
AVG 4878.3 2580000.0 1894.7 - - - 4822.2 2581666.7 1873.5
STDV 36.6 141173.7 86.3 - - - 141.0 173224.3 113.2
COV% 0.8 5.5 4.6 - - - 2.9 6.7 6.0
*Notes
Grey blocks -  [Grey paint grade - Evalite] Yellow Blocks -  [ Facing grade -  Evalite]
Work size -  440 x 215 x100mm solid 
Trade name -  Hanson Evalite 7 
Mean compressive strength 7.0N/mm®
Dry density - 1950 kg/ m®
Thermal conductivity =0.47 W/m® k internal 
Thermal resistance = 0.213 m® K/W 
Dry weight per block = 13.7 kg 
Weight when laid = 151 kg/m'
Sound reduction = 42dB
Fire resistance = 2 hours for loadbearing and non load bearing assuming 
single load with no applied finish
Work size = 440 x 215 x 100mm solid 
Trade name -  Hanson Evalite 7 
Mean compressive strength 7.0N/mm' 
Dry Density = 1450 kg/m®
Other properties -  As grey blocks
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4.4 Compressive Strength of Units
BS EN 772-1: 2000 [9] was used to determine the way by which the tests for compressive 
strength of the units were conducted. It was soon after the concrete and brick units were 
conditioned to the necessary air dried states (at 105°C and Aircrete at 70°C) that the 
constant mass was attained. Once the units were allowed to cool down it was at this point 
that the compressive tests were conducted. The dry units were tested on by using 
plywood as a means of packing in order to aid uniformity of the applied loading, despite 
the fact that the standard necessities that the units’ bed faces are ground to a parallel 
tolerance. There were a total of ten units that were subjected to the tests and this was 
exactly what was required by the standard.
The CB and AAC units upon calculation of the surface of constant area had a full bed face 
contact on the top and bottom. Clay bricks it was due to the fact that there were 
perforations that the red (which as ten holes) and the yellow unit (which had 3 holes) had 
a reduced contact area. The highest value of compressive strength belonged to the red 
brick units at 75.8 N/mm^, Table 4.11 this was twice the value obtained for the concrete 
as well as the yellow brick units which had values of 32.5 and 31.5 N/mm^ respectively. 
The weakest type of unit in this case happened to be that of Aircrete at approximately 
1/17*  ^the strength of the red units which had a compressive strength of 4.4 N/mm^. Figure
4.2 shows a graphical interpretation of the findings.
Table 4.11 summarises the strength of the four brick sized units, and results from the cut 
calcium silicate units. The strengths were obtained using the same specimens from which 
densities are derived but with the 100 x 100 x 500mm long calcium silicate specimens, 
compressive strength was obtained after these specimens were broken in flexure as 
noted on Table 4.11.
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Table 4.11 : Compressive strength of masonry unit accordance to BS EN 772-1: 2000 [9]
Unit
No.
W eight Load Stress Weight Load Stress Weight Load 1 Stress W eight Load Stress
g N N/mm* g N N/m m' g N 1 N /m m ' g N N/mm^
Red Smooth Bnck Unit Yellow Rough Brick Unit A ircrete Brick Unit
1 2 5 1 6 .0 14 1 3 .0 7 2 .0 1 94 9 .5 6 2 3 .3 3 4 .4 3 0 4 7 .0 8 4 6 .6 3 9 .0 8 9 3 .5 9 2 .5 4 .5
2 2 4 9 9 .0 14 1 0 .0 7 2 .3 1 9 4 0 .5 5 7 4 .5 3 1 .8 2 9 0 5 .0 5 8 0 .9 2 7 .2 8 7 4 .4 8 1 .2 3 .8
3 2 5 0 9 .0 14 9 9 .0 76.1 1 9 2 2 .0 5 0 2 .6 2 7 .9 2 9 9 2 .0 6 6 7 .9 3 0 .9 8 5 7 .5 7 5 .8 3 .5
4 2 5 0 0 .5 1 4 5 0 .0 7 4 .7 1 9 4 6 .0 5 3 3 .7 2 9 .2 2 8 7 9 .5 5 0 2 .9 2 3 .4 9 0 2 .0 9 5 .4 4 .7
5 2 4 8 6 .0 1 50 2 .5 7 8 .5 1 9 1 4 .0 5 3 4 .0 2 9 .7 2 9 8 0 .0 6 2 2 .8 2 8 .8 9 4 5 .5 90.1 4 .3
6 2 5 0 6 .5 1 4 9 0 .0 7 6 .5 1 9 2 1 .5 4 6 1 .8 2 5 .6 3 1 0 3 .0 7 7 2 .4 3 4 .9 8 7 2 .5 1 06 .2 5 .0
7 2 4 9 9 .0 1 51 0 .0 7 7 .4 1 9 2 0 .0 6 1 5 .3 3 4 .3 2 9 9 3 .0 6 9 8 .4 3 2 .5 9 0 1 .5 9 0 .6 4 .4
8 2 5 0 3 .2 1 49 3 .0 7 6 .5 1 9 1 6 .5 5 9 3 .6 3 3 .0 3 0 1 0 .3 7 0 6 .9 3 2 .3 8 8 6 .9 8 9 .4 4 .3
9 2 5 1 0 .0 1 49 9 .0 7 6 .8 1 9 4 0 .0 6 1 1 .3 3 4 .2 3 0 4 4 .0 8 1 3 .5 3 7 .6 8 9 7 .6 9 6 .7 4 .6
10 2 4 9 2 .0 1 50 9 .0 7 7 .2 1 93 6 .0 6 2 0 .6 3 4 .5 2 9 9 1 .8 8 2 5 .2 38.1 9 0 1 .3 1 02 .9 5 .0
AVG 2502 .1 1 47 7 .6 7 5 .8 193 0 .6 567.1 3 1 .5 2 9 9 4 .6 7 0 3 .8 3 2 .5 8 9 3 .3 92.1 4.4
STDV 8 .9 3 8 .7 2.1 13.1 5 6 .3 3 .2 6 5 .6 113.1 5.1 2 3 .7 9.1 0 .5
COV% 0 .4 2 .6 2 .8 0 .7 9 .9 10.1 2 .2 16.1 15.6 2 .7 9 .9 10 .4
Calcium silicate biock specim ens (Cubes)
100 X 100 X 100 mm 100 X 100 X 150 mm 1 0 0 x 1 0 0 x 2 4 0  mm
1 18 2 9 .2 2 7 9 .8 2 8 .0 2 6 8 0 .0 453 .1 3 0 .2 4 2 7 3 .2 7 1 0 .4 2 9 .6 - - -
2 17 8 6 .0 2 4 8 .2 2 4 .8 2 7 3 2 .8 5 0 3 .8 3 3 .6 4 4 2 1 .5 8 2 0 .8 3 4 .2 - - -
3 18 5 9 .3 3 3 4 .2 3 3 .4 2 7 3 0 .8 4 6 8 .9 3 1 .3 4 3 7 4 .6 7 8 1 .3 3 2 .6 - - -
4 - - - - - - - - - - - -
5 - - - - - - - - - - - -
6 - - - - - - - - - - - -
AVG 1 82 4 .8 2 8 7 .4 28.7 2 7 1 4 .5 4 7 5 .3 31.7 4 3 5 6 .4 4356 .1 32.1 - - -
STDV 3 6 .8 4 3 .5 4 .3 2 9 .9 2 5 .9 1.7 7 5 .8 7 5 .7 1.9 - - -
COV% 2 .0 15.1 15.1 1.1 5 .5 5 .5 1.7 1.7 5 .9 - - -
Caicium silicate block specimens (Beam ends -  Originally tested in 
flexure) Dense Concrete B lock
C aS B I(V B E + /-25 Q )  
100  X 100  + /-2 5 0  m m
C a S B I(H B E + /-2 5 0 )  
1 0 0  X 1 00  + /-2 5 0  m m
Grey Dense Concrete Block 
Unit
Yellow Dense Concrete 
Block Unit
1 4871 .5 173.4 6 .6 4955 .8 203.7 8 .3 - - - - - -
2 4861 .7 198.8 7 .7 5011 .3 205.0 7 .3 - - - - - -
3 4952 .5 166.8 5 .9 4644 .5 176.6 7 .4 - - - - - -
4 4860 .3 167.0 6 .7 4708 .4 145.2 5 .4 - - - - - -
5 4861.3 174.5 7 .0 4787 .5 233.2 9 .4 - - - - - -
6 4862.3 174.2 7 .0 4825 .5 212 .5 8 .0 - - - - - -
AVG 4878 .3 175.8 6.8 4822 .2 196.0 7.6 13700.0 - 7.0 13700 .0 - 7.0
STDV 36.6 11.8 0 .6 141.0 30.8 1.4 - - - - - -
COV% 0.8 6.7 8 .9 2.9 15.7 1 7 .7 - - - - - -
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Figure 4.2: Compressive strength of all units
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The average strength of the RSB units was 75.8 N/mm^, that of the YRB unit, 31.5 
N/mm^. The CB units had strength of 32.5 N/mm^ whilst the strength of the AAC units was
4.4 N/mm^. The strength of the three calcium silicate specimens was 28.7, 31.7 and 32.1 
N/mm^ for widths of 100, 150, and 240 mm respectively. When strength is determined 
using the failed halves of longer flexural specimens (100 x 100 x +/-250mm), the average 
compressive strength dropped considerably to 6.8 N/mm^ for vertically failed halves and
7.6 N/mm^ for horizontally failed halves. This value is surprising as one would expect 
these specimens to be slightly stronger than the 100mm cubes which were also cut and 
tested, further these flexural specimens were denser than those cut specifically for 
compressive strength determination. Both sets of specimens were cut using the same 
diamond saw and the only difference in behaviour prior to compression testing was the 
flexural test the longer specimens were subject to. It is, however, possible the flexurally 
tested specimens suffered microcracks over the constant moment zone which affected 
their compressive resistance. If this could be proved then flexural loading of calcium 
silicate units could reduce compressive capacity of these units.
4.5 Absorption -  BS EN 771-1: 2003 [7]
The governing factors of the degree of total absorption of the units include the adopted 
method of manufacture as well as the clay type involved. There are differing limits to 
which the separate individual unit types absorb the water as they are all porous in 
essence.
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There are defined categorical divides to which the degree of water absorption of the units 
can fall into, however these collectively concern the influx of water into the individual 
units.
• Absorption -  (Detailed within this section) accounts for both the five and twenty 
four duration tests and these happen to not be unit type specific.
• Initial rate of absorption (IRA) - (section 4.5) accounts for the timing up to 30 
minutes and is in this case unit type specific.
A percentage value can be used to illustrate the observed absorption of a brick unit; also 
this can be defined to be the ratio of the weight of water that is increased into the unit 
body divided by the unit weight.
Absorption can be measured by using two separate methods;
• The specimen under testing can be submerged in water which must be equal to 
room temperature and left so for a matter of hours. This is most commonly known 
by the term “cold-soak”.
• The specimen under testing can be submerged within water no less than boiling 
point and left at boiling point a period of up to five hours. This is most commonly 
known by the term “five-hour boil test”. The reason behind this test not being taken 
up in this case was because in accordance with current BSEN codes of practise 
this is required only in the case of units which are used for damp proof coursing.
The ratio of the twenty four cold water and five hour boil absorption experiments is used in 
a test which aims to predict level of durability by way of calculation of saturation 
coefficients of the units.
A value for the characteristic flexural strength of masonry can be found in BS 5628-1 : 
2005 [2] and this value would be based wholly on the mortar designation and water 
absorption for only the clay units. The combined test detailing water absorption can be 
found along side Table 4.12 and it is this test that concerns the experimentation on B and 
P-wallettes.
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The bricks that would be used as damp proof coursing are subjected to what is known 
and described earlier as the “boiling water absorption test", this is detailed in BS EN 772- 
7: 1998 [12]. A test sample is used to declare the properties of water absorption for the 
bricks. There is a difference in comparison with the British Standard in this case as no set 
given limits are provided within the specification.
There is a requirement within the BSEN that the way by which the water absorption is 
determined is based on a period of 24 hours in soaking in water which must be of ambient 
temperature and this method must be adopted for all types of brick made for external use 
with their face exposed.
Table 4.13 details the results of the test and the actual method adopted is described 
within Annex C of BS EN 771-1: 2003 [7].
Table 4.12: BS 5628-1: 2005 [2] - extracted from Table 3- Characteristic flexural strength of masonry
Plane of failure parallel to bed joints Plane of failure perpendicular to 
bed Joints
Mortar designation (i) ( ii )  and  ( i i i)
(iv) (i) (ii) and (iii) (iv)
Clay bricks having a water absorption 
Less than 7%
Between 7% and 12%
Over 12%
0.7
0.5
0.4
0.5
0.4
0.3
0.4
0.35
0.25
2.0
1.5
1.1
1.5
1.1
0.9
1.2
1.0
0.8
The ratio notations: (i), (ii), (iii) and (iv) used in the table correspond to the mortar 
designation mix which is detailed in the standard.
R e c o rd in g  the  w e t mass (m ^ )  o f  each spec im en  the  w a te r a b s o rp tio n  (W m ) w as c a lc u la te d  
u s in g  the  fo rm u la  b e lo w  fo llo w e d  b y  the  o v e ra ll m ean  w a te r a b so rp tio n , a ll  to  the  nearest 1 
%.
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Table 4.13; Units -  Absorption accordance to BS EN 771-1; 2003 [7]
Dry
Mass
rrid
W et
mass
mw
Absorp’
tion
Wm
Dry
Mass
md
W et
mass
m«
Absorp’
tion
Wm
Dry
Mass
md
W et
mass
mw
Absorp’
tion
Wm
Dry
Mass
md
W et
mass
mw
Absorp’
tion
Wm
g 9 % g g % g g % g g %
Unit
type Red Smooth Brick Unit Yellow Rough Brick Unit C c n c e tc  Bnck Sized Unit Aircrete Sized Brick Unit
1 2513 .5 2700 .0 7 1949.3 2279 .0 17 3047.0 3257.5 7 879.3 1257.0 43
2 2496 .8 2666 .0 7 1944.5 2279 .0 17 2903 .8 3126.0 8 955.3 1343.0 41
3 2506 .8 2669 .9 7 1921.5 2265 .0 18 2990 .8 3208.0 7 910.3 1313.5 44
4 2498 .3 2670 .5 7 1946.0 2290 .0 18 2878 .3 3103.0 8 865.3 1258.0 45
5 2483 .5 2631 .5 6 1913.8 2249 .5 18 2979.3 3193 .5 7 883.0 1291.5 46
6 2504 .3 2678 .0 7 1921.3 2262 .0 18 3103.3 3313.0 7 905.8 1287.5 42
6 2498 .3 2680 .8 7 1946.8 2289 .4 18 3048.1 3277.5 8 943 .4 1339.3 42
8 2505 .6 2679 .7 7 1934 .5 2273 .6 18 2944.9 3159 .4 7 917.7 1323.0 44
9 2503.5 2670.6 7 1939.7 2273 .2 17 2969.1 3207.0 8 869.9 1269.3 46
10 2482.3 2657 .9 7 1928.4 2273 .2 18 3014.1 3225.0 7 935.0 1335.9 43
AVG 2499 .3 2670 .5 6.9 1934.6 2273 .4 18 2987 .8 3207.0 7 906.5 1301.8 44
S TD E V 9.9 17.7 0.4 12.7 12.3 0.3 68.7 65.7 0.4 31.7 33.6 1.9
C O V 0.00 0.01 0.06 0.01 0.01 0.02 0.02 0.02 0.06 0.03 0.03 0 .04
Aircrete had the highest absorption rate at 44%, before which came the yellow bricks at 
only 18%, which left the lowest absorption rate to the red 6.9% and concrete units at 
approximately only 7% as shown in Figure 4.3.
In the case of the yellow and red bricks they can both be said to be extruded clay units 
and can be observed to each lie within two separate water absorption brackets, taking 
Table 4.12 as a reference.
Figure 4.3: Absorption of units in accordance \A/ith BS EN 771:1: 2003 [7]
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Below are the three different ranges of water absorption;
• less than 7%
• between 7 and 12%
• greater than 12%.
In accordance with Table 4.12 and given that the RSB has an absorption rate of 6.9% it 
therefore lies in the category of “less than 7%”and by making use of designation (i) mortar 
mix would yield a characteristic bond strength of 0.7 N/mm^ for the B-wallette and 2.0 
N/mm^ for the P-wallette. The YRB on the other hand which as a rate of absorption which 
can be seen to be much higher than 12% would on the same basis be expected to 
increase to 0.4 and 1.1 N/mm^. The characteristic flexural bond strength is therefore 
expected to be greater for the red brick units than for the yellow units.
Concrete bricks upon inspection in accordance with Table 4.12 have characteristic 
flexural bond strength for a designation (i) mix which should achieve a value of 0.3 N/mm^ 
for B-wallettes and a value of 0.9 N/mm^ for P-Wallettes. This value does however 
depend on the water absorption of the unit. There are no recommendations in Table 4.12 
for Aircrete units.
4.6 Initial Rate of Water Absorption of Clay Units and Coefficient of Water 
Absorption of Concrete Units -  BS EN 772-11: 2000 [14]
The bricks capacity to absorb water as well as the mortars ability to hold and retain 
water is the main two influencing factors concerning the strength of bond between the 
brick and the mortar. The initial rate of water absorption (IRA) is used to measure and 
determine any bricks ability to absorb water.
It is worth indicating at this point what the initial rate of absorption and the coefficient of 
water absorption actually measure. Both these coefficients measure the absorption of 
water into a unit (but in different ways) as a function of the area of unit exposed to water 
and the time of the test. The laboratory tests give the coefficients at a specific time (or 
times) but in this programme the time range has been lengthened beyond that specified in 
the code. The time factor forms part of the denominator so with increase in time the 
coefficients reduce.
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In order to achieve a good enough bond for bricks of low suction, a leaner mortar is 
required to be used. A mortar with a relatively high level of water retention would make it 
necessary to make the bed joint slightly shorter in length or however the bricks could 
simply be wetted in order to reduce their level of suction. One must acknowledge that by 
applying water to the bricks, this can potentially lead to efflorescence within the brickwork 
itself. It has been shown by way of experiments in the past that an increase in levels of 
IRA can reduced the strength of the brickwork, this reduction being from 2 kg/mYmin to 4 
kg/mYmin, which happens to be a 50% reduction. Difficulties may be faced during laying 
using common cement mortars, given that the bricks used have an IRA level greater than 
2 kg/m^/min, one must near in mind however that this is generally speaking. A denser 
bricks can be achieved also possessing a level of IRA which is lower than those detailed 
above, simply by making use of a modern brick extruder which utilises a de-airing action.
The question of whether a brick should be wetted before its use relating to its suction is 
dependant on the initial rate of absorption (IRA) which is measured in the laboratory. 
Bond strength is in fact affected by the suction experienced at the exact time of laying, it 
is therefore true that in almost all instances, mortar bonds are best when bricks have 
suction levels less than 30 g/min/30in^ (1.55 kg/m^/min) at the time that they are initially 
laid. If a value of suction is observed which happens to be greater than is recently stated 
figure then there is a requirement for the brick to be made wet within a period of 3-24 
hours before laying occurs. It must be ensured that the surface of the brick that was 
wetted is dry prior to laying in mortar.
The IRA of the RSB and YRB units-was determined in accordance with BS EN 772-11: 
2000 [14]. The code defines the IRA as the absorption which results after one face of a 
clay brick is immersed in water to a depth of 5mm for 60 seconds but when concrete units 
are immersed in a similar test but for 600 seconds and again to a depth of 5 mm, not the 
IRA, but their coefficient of water absorption (3.2.4) is obtained. In addition to finding the 
IRA and coefficient of water absorption at the times specified by the code, the values 
were determined at a range of times as noted in Table 4.14. The initial rate of water 
absorption of the clay bricks and the water absorption of the concrete units as specified in 
the code are shown shaded in Table 4.14.
BS EN 771-4: 2003 [59] also indicates that when relevant to the uses for which the 
Aircrete units are put on the market, and for all units intended to be used in external 
elements with exposed face, the maximum water absorption of masonry units at times of
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300, 600 and 1200 seconds should also be declared by the manufacturer. The testing 
procedure is the same as for when determining the coefficient of water absorption except 
different times are used and these results are also shown in Table 4.14 as shaded cells.
Table 4.14: Units - Initial Rate of Absorption and Coefficient of water Absorption
Red Smooth Brick Unit (RSB) Yellow Rough Brick Unit (YRB)
Unit
No
Time
seconds
Cw,s Cwi.s Cw,s CwI.s
g/(m"xs°") kg/(m^xmin) g/(m^xs°’®) kg/(m^xmin)
1 30 90.52 0.99 129.14 1.41
2 60 38.40 0.30 246.27 1.91
3 90 86.13 0.54 194.30 1.23
4 120 90.52 0.50 234.80 1.29
5 ' 240 103.69 0.40 225.52 0.87
6 300 76.71 0.27 193.05 0.67
Concrete Brick Sized Unit (CB) Aircrete Brick Sized Unit (AAC)
Unit
No
Time
seconds
Cw.s CwI.s Cw.s Cwl.s
g/(m"xs°=) kg/(m^xmin) g/(m^xs°’®) kg/(m^xmin)
1 120 171.98 0.94 141.21 0.77
2 300 140.83 0.49 0.42
3 600 98.77 0.24 119.01 0.29
4 900 81.31 0.16 124.94 0.25
5 1200 68.12 0.12 113.93 0.20
6 1800 59.36 0.08 117.79 0.17
Notes:
Cw,s-coefficient of water absorption 
Owi.s-initial rate of water absorption
Specified time from standard
The change of IRA with time has been plotted graphically in Figure 4.4. It should be noted 
that the IRA at each time was determined from a separate test on a new unit. The results 
for the clay units are shown up to 300 seconds (5 minutes) but in addition the IRA value 
for a CB and AAC unit although not a code requirement were also determined up to 1800 
seconds. The YRB units had IRA values of between 2.0 and 2.5 times those of the RSB 
units at all times, except at 30 seconds when the increase was about 40%. At 300 
seconds the IRA value of the AAC units was about 63% of that of the YRB whereas that 
of the dense concrete brick units was 73% of that of the YRB. The IRA of both the 
concrete units reduced at a decreasing rate up to 1800 seconds (30 minutes). The AAC 
had a lower IRA than the CB at the start of the experiment (First reading at 120 seconds) 
but declined at a slower rate than the CB units, such that at times in excess of about 500 
seconds, the AAC were absorbing more water than the CB units.
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According to BS EN 772-11; 2000 [14] the IRA should only be applied to clay units and 
the value quoted at 30 seconds. This being the case the IRA of the YRB was more than 4 
times that of the RSB units. With both these units, the IRA reduced very rapidly at 120 
seconds and slowed slightly thereafter. As can be seen on Figure 4.4 values of IRA for 
the concrete and AAC specimens were also determined. These were intermediate 
between the two clay unit types up to 300 seconds, and their IRA decreased at 
decreasing rate from 300- 1800 seconds.
Figure 4.4: Initial rate of water absorption of units at different times
CO
O
-M-RRB -0- YRB CB AAC
2.5 
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0.5 
0.0
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The variation of the coefficient of water absorption of CB and AAC units with time is given 
in Figure 4.5. These coefficients are also determined for the two clay units up to 300 
seconds (5 minutes) although this is not a standard test. As with the IRA test, each 
coefficient of water absorption was determined separately with a new unit. The coefficient 
of water absorption of the CB units was initially higher than the AAC specimens but by 7 
minutes (420 seconds) the trend had reversed and at 30 minutes (1800 seconds), the 
AAC specimens had a coefficient of water absorption roughly double that of the CB units.
With both the CB and AAC units water absorption declined with time but at a decreasing 
rate but with the AAC bricks, the decline was gentler. Clearly the AAC units were still 
capable of absorbing significant water even after being immersed for 30 minutes (1800 
seconds). This indicates the CB units are much less permeable than the AAC specimens 
which have a significant and on going ability to absorb water. A look at Table 4.18 shows 
that the moisture content of the AAC units is about five times (5.08%) that of the CB 
(1.07%) units indicating the AAC units clearly have more potential to absorb water than
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the CB units. At 5 minutes of immersion, the water absorption of the RRB clay units was 
63% of that of the Aircrete bricks (54% of the CB units), whereas it was only 40% of that 
of the YRB unit. Both the YRB and RRB clay units exhibited large variations when 
compared to concrete units.
Figure 4.5: Coefficient of water absorption of concrete and Aircrete units
RRB -Q -YRB AAC
300
250
200
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4.7 Flexural Strength of Units
Flexural strength testing of the grey dense concrete blocks was carried out on single units 
in accordance with BS EN 772-6: 2001 [60]. Units were tested under a central point load 
and the stress at failure determined using elastic theory. In all, 5 specimens were tested. 
Table 4.15 indicates the results and includes the mean, characteristic strengths, standard 
deviation and coefficients of variation of the samples.
Table 4.15: Tensile flexural strength of single Grey Block units
Block No. Failure load P (RN) Bending Moment (RNm) Bending Stress (N/mm=)
1 8.44 822.58 2.30
2 8.34 812.83 2.27
3 8.04 783.58 2.19
4 9.04 881.08 2.46
5 8.54 832.33 2.32
Average 2.31
Standard deviation 0.10
Characteristic strength 2.14
Coefficient of variation% 4.30
Kanyeto [51] also examined these GDC and found the mean bending stress of tests on 
single units to be 2.26 N/mm^ He then glued three units together using super glue and 
found the failure stress to be 2.175 N/mm^. It is thus reasonable to assume that the single 
unit test is acceptable in determining the Unit Modulus of Rupture (UMOR) of these
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specimens and that shear influences do not affect the result, further, Kanyeto [50] formed 
a similar beam 3-units long but using Ardex X7G Plus mortar instead of super glue. The 
mean failure stress was only 0.928 N/mm^, a value which is not dissimilar to the 14 day 
strength of similar P-wallette masonry tested in this programme of work as noted in 
programme 1 -test 4. Ardex X7G Plus mortar improves bond but not so it is equivalent to 
the UMOR. In addition to determining the flexural strength of the grey units, the tensile 
flexural capacity of 100 x 100 x 500mm long Calcium Silicate specimens cut from large 
blocks was determined and the results are shown in Table 4.16.
When one examines Table 4.16 it is evident the tensile flexural strength of calcium silicate 
specimens cut from larger units differs considerably if one considers strength in the plane 
of the wall or transverse to it. The lateral capacity in flexure in the transverse direction is
3.2 times that in the plane of the wall. It is likely this difference is caused in manufacture 
and would be due to the impact of moulding. This is beneficial practically because flexural 
resistance is obviously required in a direction transverse to the wall, not in its plane. The 
tensile flexural strength of 100mm wide P-wallette specimens built using large format 
calcium silicate units in Dünnbettmôrt mortar was 0.49 N/mm^ indicating that forming 
these units into masonry results in considerable loss of lateral capacity. This is even more 
striking when masonry is tested about an axis parallel to the bed joints.
Table 4.16: Tensile flexural strength of cut Calcium Silicate block units
Specimen
No.
Dimensions (mm) Weight
(g)
Density
(kg/m®)
Failure load 
(kN)
Stress
(N/mm®)L W H
IV^D 520 100 100 9733.20 1871.77 2.69 1.2
522 100 100 9812.80 1879.85 2.53 1.1
520 100 100 9577.40 1841.81 2.68 1.2
Mean strength (N/mm*) 1.2
Standard deviation (N/mm^) 0.0
Characteristic strength (N/mm^) 1.1
Coefficient of variation (%) 3.4
Specimen
No.
Dimensions (mm) Weight
(9)
Density
(kg/m®)
Failure load 
(kN)
Stress
(N/mm®)L w H
4H ^ 515 100 100 9967.20 1935.38 9.13 4.1
517 100 100 9352.80 1809.05 8.13 3.7
6H ^ 513 100 100 9613.00 1873.88 7.99 3.6
Mean strength (N/mm*) 3.8
Standard deviation (N/mm*) 0.3
Characteristic strength (N/mm*) 3.3
Coefficient of variation {%) 7.4
Notes:
1. These specimens were cut from large calcium silicate units as they would be laid in a wall and 
tested in the vertical orientation.
2. These specimens were cut from large calcium silicate units as they would be laid in a wall and 
tested in the horizontal orientation.
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4.8 Moisture Content by Mass
The unit moisture content determined in accordance with BS EN 772-10: 1999 [58] was 
also determined for specimens of each of the same four units as well as the RSB clay 
units and is shown in Table 4.17.
Table 4.17: Unit moisture contents
Specimen No. Moisture content {% by mass)AAC RRB YRB CB RSB
1 5.80 0.08 0.10 1.34 0.12
2 4.59 0.13 0.08 1.26 0.28
3 6.70 0.09 0.08 1.11 0.14
4 3.86 0.14 0.05 0.70 0.12
5 4.58 0.14 0.08 0.85 0.10
6 4.93 0.09 0.05 1.16 0.10
Average 5.08 0.11 0.07 1.07 0.14
Standard Deviation 1.02 0.03 0.02 0.25 0.07
Coefficient of Variation% 20.04 23.45 26.62 23.20 47.71
Table 4.17 provides data on the moisture content of the units. The moisture contents of 
the three clay units are all below 0.15% whereas that of the concrete bricks was 1.07% 
and the Aircrete units exhibited a moisture content of 5.1%. Aircrete units absorb most 
water because they have most pores.
4.9 Summary of Results
1. Unit dimensions. The range of unit heights varied by between 1 to 6 mm. In the 
practical building of thin layer walls a maximum range of unit heights of 0.67 x 
mortar thickness is recommended. Applying this criterion meant the YRB, CB, 
GDC and YDC units could be used in thin layer construction.
2. Unit Density. The average density of the two types of clay units tested was 1971.8 
and 1927.4 kg/m^. The density of the concrete brick units was 2100 kg/m^ whilst 
Aircrete had a density of 663 kg/m^ and the average density of calcium silicate 
specimens was 1816.5 kg/mT The density of the GDC and YDC blocks was 1950 
kg/m^ and 1450 kg/m^ respectively as given by the manufacturer.
3. Unit Compressive Strength. The average compressive strength of the RSB and 
YRB clay units were 75.8 and 31.5 N/mm^ respectively, those of the CB and AAC,
32.5 and 4.4 N/mm^ respectively. The strength of calcium silicate specimens
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specially cut for compressive strength testing had an average strength of 30.8 
N/mm^ Specimens first tested in flexure and subsequently crushed had 
compressive strengths of 7.2 N/mm^ It is recommended that with calcium silicate 
units, specimens for determining unit compressive strength are not first tested in 
flexure. The compressive strength of the GDC and YDC blocks was 7.0 as given 
by the manufacturer.
4. Unit Flexural Strength. Unit flexural strengths from single block specimens of the 
GDC specimens were found to be 2.3 N/mm^, well in excess of the flexural 
strength of masonry formed using these units and thin layer mortar. The tensile 
flexural strength of calcium silicate specimens cut from units was 3.8 N/mm^ when 
tested in the transverse (lateral) direction but only 1.2 N/mm^ when tested in the 
plane of the wall.
5. Initial Rate of Absorption of Units. The IRA of the RSB and YRB clay bricks was 
0.30 and 1.91 kg/ (m^ x min) respectively.
6. Coefficient of water absorption. The coefficient of water absorption of the CB and 
AAC concrete units was 98.77 and 119.01 g/ (m^xs°^). The coefficient of water 
absorption was measured from 120-1800 seconds for both units. The value for 
AAC was less than that of the CB initially but at 30 minutes it was still 82% of the 
value at 2 minutes whereas with the CB bricks the final value was about 1/3 of the 
initial value.
7. Unit Moisture Content. The moisture content of the clay bricks were below 0.15% 
that of the CB units was 0.25% whereas the AAC specimens had moisture content 
of 5.08%.
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Chapter 5: Experimental results and Analysis - Mortar
5.1 Introduction
This chapter presents the findings of all experimental work performed on mortar. Testing 
work on mortar was undertaken at three sites, these being Kingston University 
Laboratories, the Building Research Establishment Laboratories at Watford and a site 
laboratory of Laing O’Rourke at Dartford in Essex. In all instances sample manufacture, 
curing and testing were undertaken in accordance with appropriate standards. Complete 
results for mortar can be found in Appendices B and L.
5.2 The Testing Programme -  General
The mortar results are divided into 6 programmes (Parts or groups of experimental work) 
each programme including a number of tests. Table 5.1 shows mortar testing undertaken. 
Table 5.2 the mortar tests undertaken accordance with British and European Standards 
whilst Tables 5.3 and 5.4 give the results for wet and hardened mortar properties 
respectively. Programme 1 had two objectives. The first was to gain experience in building 
with thin layer mortar, the second to achieve optimum bond between unit and mortar. In 
tests 1-4 of programme 1 no mortar testing was undertaken. Masonry specimens were 
constructed using thin layer mortar in order to gain experience in the building technique. In 
tests 5, 7 ,9 ,10 ,11  and 13 of programme 1 mortar testing was undertaken. In programme 
2 the effect of mortar/water ratio was examined on masonry bond and mortar strength. 
Both programmes 1 and 2 were undertaken on Grey solid Dense Concrete (GDC) blocks. 
Programme 3 was undertaken on Yellow solid Dense Concrete (YDC) blocks and 
examined the effect of age on mortar properties. In programme 4, a variety of masonry 
properties were determined but from the mortar point of view, the effect of aga was 
studied.
Programme 5 examined the effect of early age heating on mortar flexural bond strength. 
Heated and non-heated masonry specimens were made and tested from four brick sized 
units. The programme did not include for heated mortar and the main contribution of these 
tests was to establish the strength gain of mortar over time. The mortar used in 
programmes 1-5 was Ardex X7G Plus except when Aircrete units were bonded when a 
Celfix mortar was utilised. Programme 6 was an investigation into the behaviour of 
Calcium Silicate units when bonded using thin layer mortar. The programme used large 
Calcium silicate units built into wallette and tested in flexure parallel to bed joints (B-
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wallette), wallette built to test in flexure perpendicular to bed joints (P-wallette) and 
wallette to test in compression (C-wallette). In addition, bond wrench specimens (BR) built 
from smaller units were used to ascertain strength development with time. The mortar 
used was Dünnbettmôrt TRGS 613 as recommended by the manufacturers but in addition 
a few specimens built using Ardex X7G Plus and Silka mortars were examined. From the 
mortar point of view, compressive, tensile and flexural strength tests were undertaken at a 
range of ages. The batching of all mortar was in accordance with the manufacturers 
recommendations. With thin layer mortar technology this usually involves adding a 
specified volume of water to the mortar powder, but in this series of programmes mortar 
manufacture was as described in section 3.3.1. Mortar workability was evaluated in the 
programmes and the relationship between the test types is evaluated in section 5.3.
Table 5.1: Mortar testing undertaken
Pgm.
No.
Test
No.
Age at 
test 
(days)
Unit
type Mortar Type
Mortar
Mix
Construction
method
Notes and the aim of 
the test
1
5 28 GDC Ardex X7G 1.75: 1.0 Scoop and Trowel This programme 
investigated the effect 
of age, construction 
method, and 
consistency of mortar 
(using less or more 
water in the Mix).
7 7 GDC Ardex X7G 1.75: 1.50 Scoop only
9 14 GDC Ardex X7G 1.75: 1.0 Scoop only
10 7 GDC Ardex X7G 1.75: 1.0 Scoop only
11 7 GDC Ardex X7G 1.75: 0.75 Scoop only
13 14 GDC Ardex X7G 1.75: 1.0 Scoop only
2
17 7 GDC Ardex X7G 1.75: 0.70 Scoop only This programme 
investigated the effect 
of mortar consistency 
on specimens of the 
same age.
12 7 GDC Ardex X7G 1.75: 0.60 Scoop only
18 7 GDC Ardex X7G 1.75: 0.50 Scoop only
3
26 2 YDC Ardex X7G 1.75: 1.0 Scoop only
This programme 
investigated the effect 
of age on mortar using 
the same units and 
mix.
27 3 YDC Ardex X7G 1.75:1.0 Scoop only
28 5 YDC Ardex X7G 1.75: 1.0 Scoop only
29 7 YDC Ardex X7G 1.75: 1.0 Scoop only
30 14 YDC Ardex X7G 1.75: 1.0 Scoop only
31 28 YDC Ardex X7G 1.75:1.0 Scoop only
4
19 28 YDC Ardex X7G 1.75: 0.70 Scoop and Trowel This programme 
investigated the effect 
of unit type, age of 
mortar when using the 
same units and mix. 
Used LVDT’s to 
measure the deflection 
in the wallettes.
20 7 YDC Ardex X7G 1.75: 0.70 Scoop and Trowel
21 14 YDC Ardex X7G 1.75: 0.70 Scoop and Trowel
22 28 YDC Ardex X7G 1.75; 0.70 Scoop and Trowel
23 7 GDC Ardex X7G 1.75: 0.70 Scoop and Trowel
24 14 GDC Ardex X7G 1.75: 0.70 Scoop and Trowel
25 28 GDC Ardex X7G 1.75: 0.70 Scoop and Trowel
5
40 1-56 AAC Celfix mortar 5.7: 1 Scoop and Trowel Tests 40-44 in this 
programme 
investigated the effect 
of age on mortar when 
cured under plastic in 
air and early age 
heating on mortar 
bond strength. Tests 
covered five units and 
two mortar types.
41 1-56 RSB Ardex X7G 1.75: 0.70 Scoop and Trowel
42 1-56 RRB Ardex X7G 1.75: 0.70 Scoop and Trowel
43 1-56 CB Ardex X7G 1.75: 0.70 Scoop and Trowel
44 1-56 YDC Ardex X7G 1.75: 0.70 Scoop and Trowel
50 1-28 AAC Celfix mortar 5.7: 1 Scoop and Trowel
51 1-28 RSB Ardex X7G 1.75: 0.70 Scoop and Trowel
52 1-28 RRB Ardex X7G 1.75: 0.70 Scoop and Trowel
53 1-28 CB Ardex X7G 1.75: 0.70 Scoop and Trowel
6
B1-B33 CaSBI(L) Dünnbettmôrt 2.5: 1 Sledge or Scoop This programme 
investigated the effect 
of age on mortar when 
using the same units 
with different widths, 
and different mortar 
and test types.
P I-24 CaSBI(L) Dünnbettmôrt 2.5:1 Sledge or Scoop
C1-C30 CaSBI(L) Dünnbettmôrt 2.5: 1 Sledge or Scoop
BR1-BR70 CaSBI(L) Dünnbettmôrt 2.5: 1 Sledge or Scoop
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5.3 Analysis of Workability Results
The results of the workability tests are given in Table 5.3. Workability was ascertained 
using the Flow Table, Plunger penetration and Dropping ball test. The former two tests 
are currently valid both in the UK and Europe but the dropping ball test has now been 
withdrawn but, it has been included in the findings to enable comparisons with historic 
data.
Table 5.3 includes the mean, standard deviation and coefficient of variation of the results 
from workability tests. Workability was determined in association with a programme and 
test number which refers to a specific set of masonry tests. The quantity of masonry 
constructed in a programme obviously determined the number of mixes and hence the 
numbers of mortar test specimens made.
With conventional mortar, a dropping ball value of 12-14 mm [69] produces mortar which 
is workable and results in good bond. It can be seen from Table 5.3 that with a few 
exceptions, when the manufacturers recommended mix is used [Ardex 1.75:1, Celfix 
5.7:1, Dünnbettmôrt 2.5:1 and Silka 4.2:1] the dropping ball value falls within or just 
outside this range. Using a similar dropping ball value for thin layer mortar to that 
accepted for conventional mortar produces practical mixes. In order to evaluate the 
workability in wet mortar, a series of plots have been produced. Figure 5.1 is a plot of the 
mean values of the flow table value plotted against dropping ball numbers, whilst Figure
5.3 relates the plunger penetration results to the drooping ball values and Figure 5.5 
those of the flow table against plunger penetration findings, this data and averages given 
in Table 5.5.
In Figure 5.1 sufficient results to note trends can be evaluated for only the Ardex and 
Dünnbettmôrt types of mortar. The few Celfix and Silka mortar results are included to 
enable those mortars to be compared to the others. With the Ardex mortar, those results 
pertaining to programme 3 are ringed. If these results are excluded (Figure 5.2), then a 
clear relationship between flow table and dropping ball values exists for both the Ardex 
and Dünnbettmôrt mortars although there is more scatter with the latter. The results for 
Silka and Celfix also fit this trend. The exclusion of programme 3 results was considered 
because when plunger penetration vs. dropping ball value and flow table vs. plunger 
penetration is compared for which there no results are from programme 3, the results 
show acceptable trends. Hence it is impossible to evaluate confidently by cross checking 
the reliability of the results from programme 3.
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A visual observation of the results in Figure 5.1 indicates the value of flow may increase 
with dropping ball but at a decreasing rate, this suggests the flow table is more consistent 
than the dropping ball when mortars are stiff but the converse is true with wetter mortars.
Figure 5.2 shows the relationship between dropping ball and a flow table value is good
when the values of programme 3 are excluded. A correlation between the workability of 
mortar measured by the flow table and dropping ball tests is shown in Figure 5.2. There is 
a direct linear relationship between the two tests that has a good correlation of = 0.82. 
The relationship can be expressed as F = 6.85 D + 104.27, where F is flow measurements 
and D is Dropping ball measurement. All four mortars considered conform well to this 
relationship. When programme 3 results are not excluded R^=0.53 which is poor.
The value of R  ^ shown on the graphs is used to measure the strength of correlation 
between variables on a graph; when the value of R  ^ is in between 0.8 and 1 it represents 
a good positive correlation confirming the trend is justifiable. However when the R  ^value 
is between 0 and 0.7, it represents a weak or no correlation.
Figure 5.1: Mean values of flow table value against dropping ball numbers
♦  Ardex mortar 
X  Silka mortar
_  250 
E 
E
A Dunnberttmort mortar 
—  Linear (Linear)
® Celfix mortar
200 
150 
■2 100
0)2
cs>_0)
a
I 50 y = 5 .5 5 x +  114 .69  = 0 .5 3
2 4 6 8 10 12 14 16 18
Dropping ball value (mm)
Plunger penetration values are plotted against those from dropping ball in Figure 5.3. 
Again only sufficient data from the Ardex and Dünnbettmôrt mortars to produce trends is 
available although even with the Ardex mortar, only 6 points are available. Results from 
the Celfix and Silka mortars are included to see if these mortars are similar to the others. 
With the Ardex mortar a possible trend is noticeable in which dropping ball increases as 
plunger penetration increases but at a decreasing rate. The Dünnbettmôrt mortar broadly 
cluster around the same trend line as for the Ardex but there is more scatter to the 
findings. Results from Celfix and Silka mortars are broadly in the vicinity of the trend line.
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Figure 5.2: Mean values of flow table value against dropping ball numbers excluded the results of programme 3
❖ Ardex mortar 
X Silka mortar
Dunnberttmort mortar 
Linear
Celfix mortar 
Linear (Linear)
E 250  
% 200
100
y = 6.85X + 104.27 
= 0.82____
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Figure 5.3: Mean values of plunger penetration against dropping ball numbers
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If the relationship between the workability obtained using the plunger penetration and 
dropping ball tests is assumed linear, R^= 0.76 is achieved. If the Ardex and Dünnbettmôrt 
are separated values of 0.87 and 0.51 respectively are obtained indicating more 
consistency with Ardex (Figure 5.4). Dünnbettmôrt mortar thus shows a similar negative 
effect on the relationship as between the flow table and dropping ball values (Figure 5.2).
Jabbar All 130
Chapter 5: Experimental Results and Analysis - Mortar
UNIVERSITY OF
SURREY
Figure 5.4: Mean values of plunger penetration against dropping ball numbers when Ardex and Dünnbettmôrt
are considered separately.
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Figure 5.5 is a plot of Flow table vs. plunger penetration value. Again only the Ardex and 
Dünnbettmôrt mortar have enough points to enable trends to be noted but the single 
Celfix and two Silka mortar results are shown and both fit close to the trends. The 
relationship between Flow and plunger penetration values is linear for both materials but 
the gradient with the Dünnbettmôrt is slightly greater. When all four mortars are included 
R^= 0.67 but when Ardex and Dünnbettmôrt are considered separately values of 0.84 
and 0.66 exist for the two mortars again indicating Ardex is less variable. The overall 
conclusion which can be drawn from Figures 5.1-5.6 is that the Flow table, plunger 
penetration and drooping ball tests are all reasonably consistent at measuring mortar 
workability.
In Table 5.3 the standard deviation and coefficient of variations of the three tests are 
included. It should be noted that when the number of test measurements within a test in a 
particular programme is identical this means that comparisons between the standard 
deviation of tests are realistic. An examination of Table 5.3 indicates that either 4 or 16 
measurements were taken so comparisons of standard deviation within these two groups 
are acceptable but comparison across the groups is not strictly valid.
When undertaking the Flow table test, the cone of wet mortar is spread by dropping the 
base table 15 times over a constant distance. Four readings of the spread mortar’s 
diameter are taken to produce an average flow value. This is the value in Table 5.3 which 
corresponds to four test replications. To produce 16 replications, the test is repeated 4
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times. The same reasoning applies to the coefficient variation which is the ratio of 
standard deviation to average value so also dependant on the former value. Based on the 
results in Table 5.3, the average value, standard deviation and coefficient of variation for 
all the samples was found. Further, these averages were determined for Ardex, 
Dünnbettmôrt, Celfix and Silka Mortar separately and the results are presented in Table 
5.6. Only 7 sets of Celfix and 2 of Silka mortar contributed to some of the values in the 
table, whereas with Ardex and Dünnbettmôrt many more influenced the outcome
Figure 5.5: Mean values of flow table against plunger penetration numbers.
♦  Ardex mortar Dünnbettmôrt mortar Celfix mortar X  Silka mortar
250
Linear (overall) 
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150
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Figure 5.6: Mean values of flow table against plunger penetration numbers when Ardex and
Dünnbettmôrt are considered separately.
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5.3.1 The Effect of Mortar Consistency
Only results from Ardex can be used to evaluate the impact of consistency. From Table 
5.6 (4 repetitions) the flow value of the wetter mortar was 1.05 times that of the stiffer 
mortar. But with the dropping ball test this increased to 1.95. Unfortunately no Plunger 
penetration results for 4 repetitions were evaluated. However if the flow table , plunger 
penetration and Dropping ball values for the 16 repetition test on the wetter mortar are 
compared with the same tests but using 4 repetitions but with the less workable 
specimens the following is obtained. The values represent the number of times the test on 
the wetter sample (16 repetitions) is greater than the stiffer sample (4 repetitions) for 
Ardex mortar. Flow table = 1.12, Plunger penetrations = 1.49 and Dropping ball = 1.30. 
Obviously mortar consistency alters the test results but to differing degrees for the 
different tests. Over this limited range of consistencies, the Flow table shows the least 
variation, but considerable variation occurs with the Dropping ball results and an even 
greater variation with plunger penetration. It is also possible to compare the workability of 
different mortar types by using consistencies recommended by the manufacturer, i.e. all 
the mortars in Table 5.6 except the less workable Ardex material. If one, however, also 
excludes Ardex mortar with 4 repetitions and ranks the remaining mortars, they can be 
ranked as follows.
Silka mortar- most workable
Dünnbettmôrt mortar- 
Celfix mortar- 
Ardex mortar- least workable
v v u
I
5.3.2 The Effect of Mortar Type on Bond Strength
The test results for Ardex were generally lower than for other mortars in all three 
workability measures. With one exception (plunger penetration for Celfix) the results for 
each test for the remaining three mortars were similar. This implies these mortars perform 
to their optimum at Flow values of about 190 mm corresponding to plunger penetration 
values of about 45 mm and dropping ball values of about 12.0 mm. In general the 
standard deviations of samples containing 4 replicates were higher than those including 
12 as would be expected except with the Flow table.
Jabbar Ali 134
Chapter 5: Experimental Results and Analysis -  Mortar
UNIVERSITY OF
SURREY
5.4 Analysis of Hardened Mortar Properties
The results of testing on hardened mortar are given in Table 5.4 and represent the 
average of between 3 and 12 specimens as indicated on the table. Each row in the table 
represents mortar from a particular masonry test number associated with a specific 
masonry test programme. Not all mortar tests were undertaken in all instances. Further, 
programme 5 requires additional explanations. With tests 40 and 50 for example, sets of 
masonry specimens were constructed with the aim of testing at 1,2, 3, 4, 5, 6, 7, 8, 14, 28 
and 56 days. Mortar specimens associated with each set of masonry were built and tested 
at the same age as masonry specimens.
In examining these results a number of variables will be studied. Firstly, the impact of age 
on mortar properties will be considered, secondly the effect of mortar consistency on the 
materials’ properties will be evaluated and finally an attempt will be made to establish 
whether, relationships between the various tests exist. This data is tabulated and 
averages given in Table 5.7.
5.4.1 The Effect of Age on Mortar Strength
Mortar was tested at different ages in all the programmes except programme 2. Further, 
two types of compressive strength testing, a tensile flexural strength and direct tensile 
strength tests were undertaken using four different mortars, and the consistency of the 
mortar was altered.
5.4.1.1 Mortar Compressive Strength
Mortar compressive strength was determined in two ways. 1) In accordance with BS EN 
1015-11; 1999 [65]. This requires the broken ends of 40 x 40 x 160mm long prisms, 
initially tested in flexure, to then be tested in compression and the average determined. In 
this programme of work, three prisms were made so six compressive strength tests were 
included in each result. 2) Using 100mm cubic moulds in much the same way as concrete 
cubes are tested.
In Figure 5.7 mean 100mm cube strengths of two consistencies of Ardex mortar and one 
consistency of Celfix are plotted against age at testing. Ardex (1.75:1) mortar comes from 
programme 1, tests 5, 9, 10 and 13 and programme 3, tests 26-31. Ardex (1.75:0.7) 
mortar comes from programme 2 test 17, programme 4, tests 19-25 and programme 5,
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tests 41-44 and 51-53 whilst the Celfix data is also extracted from programme 5, tests 40 
and 50. This data is tabulated and averages given in Table 5.7.
Table 5.7: Effect of age on compressive, tensile flexural and direct tensile strength of mortar (data
extracted from Table 5.4).
M o r ta r  p ro p e rty  (a v e ra g e )
A g e  a t  
te s t  
(d a y s )
C o m p re s s iv e
s tre n g th
T e n s ile
fle x u ra l
D ire c t  
te n s ile  
s tre n g th  
u s in g  D o g  
b o n e  
s p e c im e n
P g m .
N o .
T e s t  N o .
M o r ta r
ty p e
M o r ta r
m ix
C u b e
1 0 0 m m
P ris m  
e n d s  4 0  
X 4 0  x + /-  
8 0 m m
s tre n g th  
u s in g  
P ris m  
4 0 x 4 0 x 1 6 0  
m m
2 6 2 A rd ex  m ortar 1 .75:1 3 .7 4 - 2 .2 3 0 .71
3 2 7 3 A rd ex  m ortar 1 .75:1 3 .7 7 - 2 .2 9 0.71
28 5 A rd ex  m ortar 1 .75:1 4 .2 8 - 2 .4 7 0 .9 9
1.3 1 0 ,2 9 7 A rd ex  m ortar 1 .75:1 1 0 .4 4 - 3 .5 6 1 .3 5
1 .3 .6 1 3 ,9 ,3 0 ,6 3 2 , 6 6 -7 0 14 A rd ex  m ortar 1 .75:1 12.11 14.11 3 .1 9 1 .5 3
1 .3 5,31 2 8 A rd ex  m ortar 1 .75:1 1 5 .4 2 - 5 .31 2 .0 6
1 A rd ex  m ortar 1 .7 5 :0 .7 0 4 .0 3 9 .0 9 2 .4 0 0 .8 2
2 A rd ex  m ortar 1 .7 5 :0 .7 0 8.11 9 .5 6 2 .5 2 1 .2 3
41 - 4 4
3 A rd ex  m ortar 1 .7 5 :0 .7 0 1 2 .5 3 9 .7 9 2 .91 1 .7 3
5
4 A rd ex  m ortar 1 .7 5 :0 .7 0 1 2 .8 4 1 3 .4 9 3 .3 7 1 .6 8
5 A rd ex  m ortar 1 .7 5 :0 .7 0 12.51 1 3 .3 5 3 .31 1 .8 4
6 A rd ex  m ortar 1 .7 5 :0 .7 0 1 3 .8 2 1 1 .8 3 3 .2 5 2 .2 7
2 .4  
and 5
1 7 ,(4 1 -4 4 ),
(5 1 -5 3 ),(2 0 ,2 3 )
7 A rd ex  m ortar 1 .7 5 :0 .7 0 1 4 .7 0 1 3 .7 5 3 .5 0 1 .9 0
5 (4 1 -4 4 ) 8 A rd ex  m ortar 1 .7 5 :0 .7 0 15.81 1 5 .0 3 3 .31 1 .8 9
4 ,5
2 1 .2 4 , 
(4 1 -4 4 ,5 1  5 3)
14 A rd ex  m ortar 1 .7 5 :0 .7 0 1 5 .8 8 1 7 .4 0 3 .4 5 2 .0 4
4 .5 1 9 ,2 2 ,2 5 , (4 1 -4 4 ) 2 8 A rd ex  m ortar 1 .7 5 :0 .7 0 1 6 .3 5 1 8 .1 6 4 .0 4 2 .1 8
5 (4 1 -4 4 ,5 1 -5 3 ) 56 A rd ex  m ortar 1 .7 5 :0 .7 0 1 7 .9 0 1 9 .1 3 4 .1 6 2 .0 4
6
(6 3 1 ,
P 2 5 ,P 2 7 ),(6 1 -6 5 )
14 Silka  M ortar 4.2:1 - 14.01 2 .5 3 1 .3 4
1 C elfix  M orta r 5.7:1 2 .6 7 9 .0 9 1.61 0 .8 8
2 C elfix  M ortar 5.7:1 3 .4 9 7 .6 7 2 .4 0 0 .9 8
3 C elfix  M ortar 5.7:1 9 .7 0 1 0 .7 6 2 .6 8 1 .5 4
4 C elfix  M ortar 5.7:1 1 0 .4 5 6 .1 5 1 .3 7 1 .6 6
5 C elfix  M ortar 5.7:1 1 2 .6 9 6 .5 3 2 .3 7 1 .6 4
5 4 0  and 5 0 6 C elfix  M ortar 5.7:1 6 .2 3 7 .0 9 2 .0 9 1 .2 8
7 C elfix  M ortar 5.7:1 6.91 7 .2 4 2 .2 2 1 .22
8 C elfix  M ortar 5.7:1 7.51 8 .01 2 .2 6 1.31
14 C elfix  M ortar 5.7:1 8 .0 3 8 .7 3 2 .6 0 1 .4 6
28 C elfix  M ortar 5.7:1 9 .0 2 1 0 .6 5 3 .1 2 1 .5 7
5 6 C elfix  M ortar 5.7:1 9 .7 9 11.71 3 .3 7 1 .6 2
(5 1 -5 5 ) 1 D ünnbettm ôrt 4.2:1 - 0 .2 3 0 .2 4
C 2 ,C 7 ,C 1 2 2 D ünnbettm ôrt 4 .2:1 - 3.11 0 .3 0
C 5 ,C 8 ,C 1 9 ,(6 R 1 -
6 R 5 )
3 D ünnbettm ôrt 4.2:1 - 3 .6 6 0 .4 5 0 .2 4
(6 R 6 -6 R 1 0 ) 4 Dünnbettm ôrt 4.2:1 - 4 .0 0 1.41 0 .7 0
C 1 5 ,(6 R 1 1 -6 R 1 5 ) 5 D ünnbettm ôrt 4.2:1 - 5 .4 6 0 .8 8 1 .0 3
6 C 2 8 ,(6 R -6 R 2 0 ) 6 Dünnbettm ôrt 4.2:1 - 6 .91 2 .1 9 1 .1 5
C 24 7 Dünnbettm ôrt 4.2:1 - 9 .6 0 1 .92
C 3 0 ,(6 R 2 1 -6 R 2 5 ) 8 D ünnbettm ôrt 4.2:1 - 1 0 .9 6 2.11 1 .3 9
(6 1 -6 1 5 ) ,(P 1 -
P 6 ) ,C 1 ,C 4 ,C 2 2 ,C 2
7 ,C 2 9 ,C 3 0 ,
(6 R 2 6 -6 R 3 0 )
14 D ünnbettm ôrt 4.2:1 - 1 1 .4 0 2 .0 4 1 .6 3
C 5 ,(6 3 1 -6 R 3 5 ) 2 8 Dünnbettm ôrt 4.2:1 - 1 0 .8 8 2 .5 3 1 .4 5
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Figure 5.7: Effect of age on compressive strength using 100mm mortar cube
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Figure 5.8: Effect of age on compressive strength using 100mm mortar cube excluded early age of Celfix mortar.
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With Ardex mortar, two mixes are included in Figure 5.7, both of which achieved 28-day 
strength of about 15.5N/mm^ but the rate of strength gain for the dryer 1.75:0.70 mix is 
much more rapid, this mix very nearly achieving the full 28 day strength at 8 days and 
about 0.75 of full strength at 3 days. The wetter mix 1.75:1 and that recommended by the 
manufacturer achieved 2/3 of its full strength at 7 days but was at about 25 % of full 
strength, at age 3 days. The Celfix mortar achieved a 28 day compressive strength of 9.02 
N/mm^ but higher strengths were achieved at 4-6 days. All three mortars were more 
erratic up to 7 days. An attempt was made to find a mathematical model to describe this 
behaviour and the natural logarithm generally gave the best correlations. If best fit natural
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logarithm lines (sometimes simply called the logarithm) are included for the 3 mortar 
mixes, values are as shown in Figure 5.7.
During the period between 4 to 6 days the Celfix mortar produced higher strength values 
(Figure 5.7), which could be attributed to the Celfix mix chemical development and its 
stability during this period as compared to a more regular strength development with 
Ardex. Celfix and Ardex manufacturers protect composition details which makes further 
investigation very difficult. If these 3 points (Celfix 4-6 days) are removed, and a best fit 
logarithmic curve is again fitted (Figure 5.8), R^= 0.98 results, hence in the instance very 
good correlation results. This suggests these results may be outliers.
Figure 5.9 is a similar plot to the previous except the compressive strength of 40mm prism 
ends is plotted against age. Ardex data (1.75:0.7) is taken from programme 2, test 17, 
programme 4 tests 19, 20, 21, 22, 23, 24 and 25 and programme 5, tests 41-44 and 51- 
53, because prism end compression tests were not used in any number in programme 1 
and not at all in programme 3. Ardex data (1.75:1) was also extracted from programme 6, 
tests B32 and BR66-BR70. Celfix data was from the same source as that used to produce 
Figure 5.7. It is, however, possible to include Dünnbettmôrt in this comparison and all data 
relating to that mortar from programme 6 is included. This data is tabulated and averages 
given in Table 5.7.
Figure 5.9: Effect of age on compressive strength using 40mm mortar prism ends
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Figure 5.10: Effect of age on mortar 40mm prism ends strength excluded early age of Celfix mortar
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Figure 5.9 shows the strength variation with age of mortar, using 40mm prism ends. As 
with strength obtained using 100mm cubes, higher strength was obtained for the Ardex 
1.75:0.7 mix than the other mortars, throughout. Celfix mortar, apart from the first 6 days, 
provided a higher strength values than the Dünnbettmôrt mortar. This is consistent with 
results obtained from mortar cubes (Figure 5.8). If best fit logarithmic curves are included 
correlation coefficients, R^= 0.77 for Ardex 1.75:0.70 mix, 0.78 for Dünnbettmôrt mortar 
and R^= 0.22 for Celfix mortar are achieved.
Celfix mortar has a very high variability at early ages in particular the first 6 days as shown 
in Figure 5.9. If the Celfix results for the first 6 days are excluded, R^= 0.98 is obtained 
(Figure 5.10).
The Ardex mortar, as with the 100 mm cubes, included two mortar consistencies. With 
the stiffer mix (1.75: 0.70) the 28 day strength was 16.35 N/mm^ (average of 3 results) but 
at 7 days strengths of about 15 N/mm^ or 92% of the 28 day value were achieved and 
even on day 1, strengths of 4.03 N/mm^ were observed. Insufficient points from the wetter 
Ardex mortar exist to draw conclusions.
With the Dünnbettmôrt mortar an increase in strength but at reducing rate occurred up to 
28 days, whereas with the Celfix mortar results were erratic up to 7 days thereafter 
following a similar trend to the Dünnbettmôrt mortar. With both the Celfix and 
Dünnbettmôrt mortars the 28 day strength of mortar was 9.02 N/mm^ and 10.88 N/mm^
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respectively. Only 2 points from Silka mortar both at 14 days can be plotted on the graph. 
These lie in between the dryer Ardex mortar and the Dünnbettmôrt values.
5.4.1.2 Mortar Tensile Flexural and Direct Tensile Strength
Figure 5.11 is a plot of tensile flexural strength vs. age for thin layer mortar. The data used 
to evaluate this mortar property is extracted from Table 5.4 and tabulated in Table 5.7 as 
follows. Ardex (1.75:1) from programme 1, tests 5,9,10 and 13, programme 3, tests 26-31 
and programme 6 tests B32 and BR66-BR70. Ardex (1.75:0.70) from programme 2, test 
17, programme 4, tests 19-25 and programme 5, tests 41-44 and 51-53, Celfix mortar 
from programme 5 tests 40, 50. Dünnbettmôrt mortar from programme 6, test, B5, B6, 
B11, P6, C l, C3, C5, C6, C8, C11, C14, C16, C17, C19, C22, C24, C27, C30, BR1-BR35, 
BR51-BR60. Silka mortar from programme 6 tests B31, P25, P27 and BR61-BR65.
Considerable variation in the tensile flexural strength of all the mortar is evident in Figure 
5.11 so discerning trends is difficult. All mortars demonstrate the trend of increase in 
strength with age. When comparing the two Ardex mixes, in general the wetter mix gave 
lower values of compressive (Figures 5.8 and 5.10) strength than the stiffer mix 
particularly from 7 days when using 100mm cubes. With the wetter mix, the 7 day strength 
was 0.7 of the 28 days values whereas with the stiffer mix, 7 day strengths were 0.9 of the 
28 days value. As with to compressive strength, the two Ardex mixes produced higher 
flexural strengths than the other mortars. Although Celfix mortar was weakest in 
compression, it had a higher tensile strength than Dünnbettmôrt mortar. With the Celfix 
mortar, the strength at one day was about 50% of the 28 day value. At all other ages up to 
14 days, the value was between 77-83% of the 28 day strength. The Celfix tensile flexural 
strength values were always lower than the stiffer Ardex mortar, the difference increasing 
as the age dropped from 56-7 days and thereafter decreasing. The Dünnbettmôrt 
specimens had the lowest tensile flexural strength values and by far the greatest scatter. 
With the exception of the Dünnbettmôrt mortar, the 3 day strength was at least 18% of the 
28 day value and at 7 days achieved 76% of the 28 day strength. This trend was not 
evident with the Dünnbettmôrt material due to the large scatter.
The tensile strength development of the different mortar prisms is shown in Figure 5.12. If 
logarithmic plots are fitted for each mortar, R  ^ values as shown in Figure 5.11 emerge. 
The low R2= 0.56 for the Celfix mix is probably due to the scatter in the first days. If the 
earlier results are removed a much better R^= 0.99 is obtained. It is likely a similar
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improvement would occur with the stiffer Ardex mortar if the first few days were excluded 
from the trend calculation.
Figure 5.11: Effect of age on mortar prism tensile flexural strength
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Figure 5.12: Effect of age on mortar prism tensile flexural strength excluded early age of Celfix mortar
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The relationships chosen were based on the lines of best fit. With Figures 5.11 and 5.12 
(and Figures 5.13 and 5.14) this was the natural logarithm.
Figure 5.13 shows the relationship between direct tensile mortar strength and age and 
uses similar data sources to that used in Figure 5.11 from programmes 1-5. Dünnbettmôrt 
data from programme 6 was extracted from tests B5, B6, B11, B32, P6, C l, 03, BR1-BR 
35 and BR51-BR60.
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Figure 5.13: Effect of age on mortar direct tensile strength
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Figure 5.14: Effect of age on mortar direct tensile strength excluded early age of Celfix mortar
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With tests on the (direct tensile strength of mortar, less variability was observed than when 
the tensile flexural strength was examined. With Ardex and unlike with flexure, the dryer 
mortar’s strength and early age strength gain exceeded that of the more workable mix. 
The 7 day strength of the stiffer mix was 87% of the 28 day values whilst for the less stiff 
mix; the corresponding value was 66%. Celfix mortar’s 7 day strength was about 78% of 
its 28 day value and its one day strength was a surprisingly high 56% of the 28 day 
strength whilst the corresponding value for the stiffer Ardex mix was only 38%. No 1 day 
results were recorded for the wetter Ardex mortar. The Dünnbettmôrt mortar gained
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strength at a decreasing rate from 8-21 days the range over which results were available. 
The initial tensile strength of this mortar at 8 days was surprisingly low. Unfortunately no 
results up to 8 days were available.
Ardex 1.75:0.70 mix produced higher tensile strength than the other mortars, with all the 
other mixes having similar strength development with age. This might be attributed to the 
lower water content mix producing, consistently, higher compressive and tensile strengths 
(directly and on prisms) in the Ardex mortar. Direct tensile strength measurements 
produced stronger correlations for all the mortars than those obtained using prisms. As 
with the tensile flexural test (Figures 5.11 and 5.12) best fit logarithmic plots have been 
included. values are shown on Figure 5.13. Again, as with the flexural specimens the 
values associated with the Celfix mortar is improved if the early age results are 
excluded. R  ^ improves from 0.39 to 0.93 (Figure 5.14) improvements to the stiffer Ardex 
mortar are also likely if early age variability is excluded, measurements using dog bone 
samples, show less variability in the strength values, resulting in improved correlations.
5.4.2 The Effect of Mortar Consistency on Hardened Mortar Strength
All the Celfix and Dünnbettmôrt mortar was produced to a single consistency. So only the 
Ardex mortar which was manufactured at different consistencies is included in this 
investigation. Further, for results to be comparable only mortar tested at one particular 
age is included. Most data on mortar/water ratios was determined at 7 days. Seven day 
data used in this investigation has been extracted from Table 5.4 and includes programme 
1, tests 7, 10 and 11, programme 2, tests 12, 17, and 18, programme 3, test 29, 
programme 4, tests 20 and 23 and programme 5, tests 51- 53 at age 7 days. It is however 
possible to extract additional though limited data on mortar consistency at 14 and 28 days. 
Series using this data will only contain information at 2 consistencies but is nevertheless 
included. The 14-day data is from programme 1 tests 9 and 13, programme 3, test 30, 
programme 4, tests 21 and 24, programme 5, tests 51-53 (14 days) and programme 6, 
tests B32 and 66-70. The 28 days test data is from programme 1, test 5, programme 3, 
test 31, programme 4, test 19 and programme 5, tests 51-53 (28 days). This data is 
tabulated in Table 5.8 and averages given in Table 5.9. The consistency has been 
evaluated by dividing the volume of mortar used in a mix by volume of water hence higher 
numbers represent dry mixes.
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Figure 5.15: Effect of consistency on mortar strength at age 7 days
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Figure 5.15 (see Table 5.8, 5.9 and 5.4) is a plot of mortar strength vs. consistency and 
indicates that the optimum compressive strength of the Ardex mortar at age 7 days is 
achieved with a consistency of about 1.75:0.70 (MAA/ ratio=2.5). It can also be observed 
from Figure 5.15 that there is a wide plateau where compressive strength is relatively 
unaffected by consistency. From consistencies of 1.75: 0.75 (MAA/ =2.33) to 1.75:0.60 
(M/W =2.92) the compressive strength hardly varies. Optimum compressive strength of 
14.70 N/mm^, measured on 100mm samples, was obtained for a consistency of around 
2.5, similar to that for flexural samples. With tensile flexural strength, the maximum value 
is achieved at a consistency of 1.75: 1.0 (M/W =1.75) the consistency recommended by 
the manufacture, but flexural strength gradually reduced as the mix became stiffer. At a 
consistency of 1.75: 0.50 (M/W =3.50), the tensile flexural strength reduced to about 2.61 
N/mm^ compared to a maximum value of 3.8 N/mm^
Direct tensile strength is reasonably consistent ranging from 1.39 to 1.91 N/mm^ when 
consistency is in the range from 1.75:1 to 1.75:0.5. When the mortar has a consistency of 
1.75:1.5 the direct tensile strength drops to 0.72 N/mm^
If the values for the 14 and 28 days tests from Table 5.8 are examined, in all instances 
except 1 the higher value is achieved at the M/W ratio of 1.75:0.7. This indicates the 
property of the mortar improves as the mix consistency changes from 1.75:1 to 1.75:0.7. 
The one exception refers to the 28 day tensile flexural strength of the Ardex mortar with a
Jabbar Ali 144
Chapter 5: Experimental Results and Analysis -  Mortar
UNIVERSITY OF
SURREY
consistency of 1.75:0.7 which at 3.50 N/mm^’ was 65% of the 28 day strength when the 
consistency was 1.75:1.0. No obvious explanation for this anomaly could be found. In 
general 14 day strengths exceed the 7 day values and these were in turn exceeded by the 
28 day strengths.
The relationships can be expressed polynomially by: S = -6.48C^ + 32.75C - 26.56, =
0.99 for compressive strength measurements on 100mm samples and Std = -0.19C^ + 
1.34C - 0.51, = 0.79 for direct tensile measurements on dog-bone samples. A
consistency of 2.5 appears to be the optimal consistency for both compressive and tensile 
strengths. The lower correlations obtained for tensile strength relationship with 
consistency, for both prisms and dog bone, are a result of the weaker associations 
obtained earlier for tensile strength. Figures 5.12 and 5.14, compared with compressive 
strength. Figures 5.8 and 5.10.
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T a b le  5 .9 : E ffect o f consistency on m ortar properties a verag ed  values  (data  extracted  from  ta b le  5 .3 )
Age at 
testing 
(Days)
Mortar
Consistency
Mortar Property (Average)
Compressive 
strength 
using 100mm 
cubes 
(N/mm )^
Compressive 
strength 
using 40mm 
prism ends 
(N/mm )^
Tensile 
flexural 
strength 
using prisms 
(N/mm )^
Direct tensile 
strength using 
dog bones 
(N/mm )^
7
1.75:1.5 3.00 3.57 1.13 0.72
1.75:1.0 10.44 - 3.56 1.35
1.75:0.75 14.33 - 2.90 1.42
1.75:0.70^ )^ 14.70 13.75 3.50 1.90
1.75:0.60 14.77 - 2.61 1.46
1.75:0.50 8.28 - 2.61 1.91
14
1.75:1.0 12.11 14.11 3.19 1.53
1.75:0.70 15.88 17.40 3.70 2.04
28
1.75:1.0 15.42 - 5.40 2.06
1.75:0.70 15.35 25.16 3.68 2.23
Notes:
(1) Mixing 1.75:1
7 days- the average from test 10 in programme 1 and test 29 in programme 3.
14 days- the average from testsIS, 9 in programme 1, test 30 in programme 3, 
and B32, 66-70 in programme 6.
28 days- the average from tests 5 in programme 1, test 31 in programme 3.
(2) Mixing 1.75:0.70
7 days- the average from test 17 in programme 2, test 20, 23 in programme 4, 
tests 41-44 and 51-53 in programme 5.
14 days- the average from tests 21 and 24 in programme 4, tests 41-44 and 51-53 
in programme 6.
28 days- the average from tests 19, 22 and 25 in programme 4, tests 41-44 and 
51-53 in programme 5.
5.4.3 Relationship between Compressive, Tensile and Tensile Flexural 
Strength of Mortar.
Figures 5.16-5.23 summarise the relationships between the various mortar tests. Data to 
produce the curves comes from Table 5.4. Figure 5.16 is a plot of the compressive 
strength of mortar determined using 100mm cubes against strengths found using 40mm 
prism ends. It can be seen from Table 5.4 that all of programmes 5 contain both sets of 
data; this figure contains two series, 1 pertaining to Ardex mortar and the second to Celfix 
mortar.
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Figure 5.16: Compressive strength comparisons of mortar
♦  Ardex mortar Celfix mortar Linear (Celfix mortar)  Linear (Ardex mortar)
2 2
2 0
n y = -0.44x + 11.35
= 0.73
2
0 2 4 6 8Q . 10 12 14 16 2 018
Compressive strength 40 x40 x +/-80mm prism ends (N/mm^)
Figure 5.17: Compressive strength comparisons of mortar excluded early age values
♦  Ardex mortar Celfix mortar Linear (Celfix mortar) Linear (Ardex mortar)
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Compressive strength 40 x40 x +/-80mm prism ends (N/mm^)
When early age values (1-6 days) are excluded for both 100mm cube and 40 mm prism 
ends a completely different correlation between the tests results shown in Figure 5.17. 
This Figure shows a linear relationship between the two types of compressive strength 
tests. The above relationships can be expressed linearly by: Sc =0.50Sp + 8.25, = 100
for Ardex mortar, Sc = 0.62 Sp + 2.51, = 0.99 for Celfix mortar, where Sp is the strength
of 40mm prism ends and Sc is the strength of 100mm cube.
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When comparing 100mm cubes to 40mm prism end strengths one would expect the 
40mm prism ends to be slightly weaker due to triaxial effects. In addition any micro-cracks 
that might generate in prism when tested in flexure could affect the 40mm prism ends, 
making the specimens of 40mm prism ends weaker than 100mm cubes when tested in 
compression. At higher strength values, both the Ardex and Celfix mortars appear to 
endorse this.
In Figure 5.18 the direct tensile strength of mortar using dog bone specimens compared to 
the tensile flexural strength of mortar determined using mortar prisms under 3 point 
loading. Comparative data is available from all the tests in programmes 1-5 and this is 
included in Figure 5.18. In addition to this, some comparative data is included from 
programme 6  from where, the following tests enable comparisons: B5, B6 , B11, B31, B32, 
P6 , 01, 03, BRI- BR35 and BR51-BR70. An inspection of this data reveals that 
reasonable data series containing Ardex, Oelfix and Dünnbettmôrt are possible. With Silka 
mortar only two points exist but these are included in Figure 5.18.
All the results shown in Figure 5.18 with the exception of 1 Oelfix and 2 Dünnbettmôrt 
findings indicated that tensile flexural strength exceeds direct tensile strength. Flexural 
strength is determined in combination with compressive strength, therefore it is 
exceedingly higher than direct tensile strength (As direct tensile flexural strength is a 
single force) this is reflected through the behaviour of the beam under flexural load. The 
top surface of the beam is under compression while the bottom surface is under tension. 
The trend is not linear but for each mortar type, as the flexural strength increases so does 
the direct tensile strength but at a decreasing rate, although with the Oelfix mortar a linear 
relationship may be more appropriate.
On Figure 5.18 the correlation coefficients R  ^values for the two Ardex, Dünnbettmôrt and 
Oelfix mortars included over the whole age of testing. Very poor correlation exists with the 
Oelfix mortar. It has generally been noted that large variations can exist in the early ages 
of testing so it was decided to exclude all tests up to age 6  except for Dünnbettmôrt 
mortar. Figure 5.19 shows these results; however, the series including the dryer Ardex 
(1.75: 0.70) also has been excluded.
It can be seen from Figure 5.19 that when Ardex mortar (1.75: 0.70) and early age of 
Oelfix tests are removed, the correlation coefficient improves radically for the Oelfix 
mortar. With the dryer Ardex mortar, removing early age results did not change, however.
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is very dry and not recommended by the manufacture, and as a result it too was excluded 
from Figure 5.19. The remaining results are well correlated as noted in Figure 5.19.
Figure 5.18: Comparison between tensile and direct tensile strength of mortar
♦  Ardex/Mix 1.75:1 (Pgm.6) O Ardex/Mx 1.75:0.70 (Pgm.2,4) A  Dünnbettmôrt/Mix 2.5:1 (Pgm.6)
#  Celfix/Mix 5.7:1 (Pgm.5) X  Silka/IVtx 2.4:1 (Pgm.6) Overall
Linear (Dünnbettmôrt/ Mix 2.5:1 (Pgm.6)) Linear (Ardex/ Mix 1.75:0.70 (Pgm.2,4)) Linear (Ardex/ Mix 1.75:1 (Pgm.6))
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Figure 5.19: Comparison between tensile and direct tensile strength of mortar excluded Ardex Mix 1.75: 0.70
and early age of Celfix mortar
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Figure 5.20 enables the relationship between the compressive strength and tensile 
flexural strength of mortar to be determined. In this comparison, the tensile flexural 
strength determined using prisms under 3 point loading is compared to the compressive 
strength evaluated by crushing 40 mm prism ends, both these two methods being 
currently used in the UK. Comparative data is available from nearly all the data in 
programmes 4-6. However comparisons between the test results in programme 6 , tests 
BR36- BR60, are not possible. Additional data is available from test 7 in programme 1 and 
test 17 in programme 2 so this too is included in Figure 5.20. Using this data, four data 
series have been produced. Those developed for Ardex (1.75:0.7), Celfix and 
Dünnbettmôrt include many points but with the remaining materials Silka and Ardex 1.75: 
1 , only 2  and 1 point respectively were possible.
Overall, a reasonably linear relationship between the tensile flexural strength and 
compressive strength of mortar exists up to a compressive strength of 12.0 N/mm^ but 
above that value compressive strength increases at an increasing rate compared to the 
flexural strength.
Figure 5.20 shows the overall correlation coefficient (for those series included) as 0.78, 
and the coefficients for the Dünnbettmôrt, Ardex (1.75: 0.70) and Celfix as 0.74, 0.86 and 
0.56 respectively. Again, using the argument that there is greater variability in early tests, 
when the tests up to 6  days for the Celfix mortar are excluded R  ^ improves from 0.56 to
0.98 as noted in Figure 5.21.
Figure 5.20: Comparison between compressive and flexural strength of mortar types
♦  Ardex/ Mix 1.75:1 (Pgm.6)
#  Celfix/Mix 5.7:1 (Pgm.5)
Linear (Ardex/ Mix 1.75:0.70 (Pgm.2,4))
:  6
O  Ardex/ Mix 1.75:0.70 (Pgm.2,4)
X  Silka/Mx 2.4:1 (Pgm.6)
Linear (Dünnbettmôrt/Mix 2.5:1 (Pgm.6))
A  Dünnbettmôrt/Mix 2.5:1 (Pgm.6)
 Linear (Ardex/ Mix 1.75:1 (Pgm.6))
  Linear (Overall)
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0  r2 = 0,86
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Mortar compressive strength using prism ends (N/mm^)
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Figure 5.21 : Comparison between compressive and flexural strength of mortar types excluded early age of
Celfix mortar
♦  Ardex/ Mix 1.75:1 (Pgm.6)
® Celfix/Mix 5.7:1 (Pgm.5)
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In a similar manner, Figure 5.22 enables the relationship between the compressive 
strength of mortar determined using 40 mm prism ends and the direct tensile capacity of 
mortar determined using the dog bone specimens. Comparative data is available from all 
the data in programmes 4 and 5. test 7 in programme 1, test 17 in programme 2 as well 
as tests, B5, B6 , B11, B31, B32, P6 , 01, 03 (14 days), BR1-BR35, and BR61-BR65 in 
programme 6 . Reasonable data sets for Ardex (1.75: 0.70), Oelfix and Dünnbettmôrt exist, 
but with the Silka mortar only 2 points can be plotted, and for Ardex (1.75: 1) only 1 point 
is available.
Tests at all ages are included and with all the data, the correlation coefficient only for 
Dünnbettmôrt is 0.85, but for Oelfix no correlation exists (R^ = 0.003). If, however, the, 
early age results for the Ardex and Oelfix specimens are excluded, than the correlation for 
Oelfix improves (Figure 5.23). Clearly the variability of the early age mortar is significant.
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Figure 5.22: Comparison between compressive and direct tensile strength of mortar
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Figure 5.23: Comparison between compressive and direct tensile strength of mortar excluded early age of
Celfix mortar
♦  Ardex/ Mix 1.75:1 (Pgm.6) O Ardex/ Mix 1.75:0.70 (Pgm.2,4)
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5.4.4 Effect of Workability on Hardened Mortar Properties
Figure 5.24 - 5.27 include information on the relationship between the workability and 
strength properties of mortar. In Figure 5.24 data is extracted from both Table 5.3 and 5.4 
enabling flow table values to be compared to the tensile flexural strength. In Figure 5.25 
Flow table values are compared to the direct tensile strength of mortar data again being 
sourced from Tables 5.3 and 5.4. In order to produce meaningful comparisons, mortar 
type has been separated out as a possible variable.
It should be noted when comparing between the tables that in some instances a mortar 
mix was used to manufacture two series of tests. So for example in programme 1, one 
value for the workability of the mortar is related to both tests 5 and 13 (Table 5.3), but in 
Table 5.4, hardened mortar properties exist for both tests which were undertaken at 
different ages.
All the tests in programmes 1-5 enable comparisons between the flow table values and 
the tensile flexural and direct tensile strength of mortar except the first few tests when no 
mortar testing was undertaken and when P-wallettes were made. In programme 6 , the 
tensile flexural strength of the mortar can be compared to the flow value in all instances 
except tests BR36- BR50 because with these three series of tests, the specimens broke 
before they were tested. In programme 6  and considering the direct tensile strength test, 
comparisons with flow values were possible using tests B5, B6 , B11, B31, B32, P6 , C l, 
03 (14 days), BR1-BR35 and BR51-BR70.
Comparisons between flow table and 100mm cube strength are possible using all the data 
from programme 1 (with the exception of P-wallette specimens and the first few 
specimens built when no mortar testing was undertaken), and all the data from 
programmes 2-5. No 100 mm cube strength data is available from programme 6 . With 40 
mm prism ends data is available from programme 1 test 7, programme 2 test 17, all of 
programme 4 and all data from programme 6  with the exception of tests BR36 - BR50 
when the specimens broke prior to testing. There is no relationship between strength and 
flow value of mortar.
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Figure 5.24: Effect of workability on hardened mortar properties (Flow table values against flexural strength)
♦  Ardex mortar Dunnberttmort mortar Celfix mortar X  Silka mortar
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Figure 5.25: Effect of workability on hardened mortar properties 
(Flow table value against direct tensile strength)
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0.50 1.00 1.50 2.00 2.50
Direct tensile strength (N/mm )
3.00 3.50
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Figure 5.26: Effect of workability on hardened mortar properties 
(Flow table value against compressive strength)
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Figure 5.27: Effect of workability on hardened mortar properties 
(Flow table value against compressive strength)
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There is no relationship between strength and flow value of mortar.
Comments on Figures 5.24 -  5.27 have been combined. The aim of all these figures was 
to determine if the hardened properties of mortar are influenced by the workability as
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measured using the flow table. However, before commenting on the findings it is helpful to 
understand that mortar consistency was only deliberately varied with Ardex mortar, 
although with all mortar variations do occur. Further, although the Celfix results are 
included no variation in flow resulted from this mortar because all specimens were 
constructed from the same mortar batch.
So discounting the Celfix mortar, there is evidence (Figure 5.26) that compressive 
strength when determined using 40mm prism ends increases as flow value reduces. 
When compressive strength is determined using 100mm cubes (Figure 5.27) only results 
with Ardex mortar are available and show the same trend. There is no reason therefore 
not to assume that the same trend will result with Dünnbettmôrt mortar.
When examining the impact of workability on direct tensile strength (Figure 5.25) a similar 
trend is evident with both mortars but with tensile flexural strength (Figure 5.24), an 
increase was evident in only Ardex mortar, Dünnbettmôrt mortar showing no evidence of a 
trend.
5.5Summary of Results
1. Using a similar dropping ball value for thin layer mortar to that accepted for 
traditional mixes (12 —14) produces practical mixes.
2. Flow table values increase as dropping ball value increases but at a decreasing 
rate. This indicates the flow table is more constant to mortar workability when 
mixes are dry but the converse applies when mortars are wetter.
3. The plunger penetration and dropping ball workability tests are equally sensitive to 
mortar workability at all mortar/water ratios.
4. When mortars are mixed in accordance with the manufactures instructions their 
workabilities may be ranked as follows:
Silka mortar - Most workable
Dünnbettmôrt mortar - 
Celfix mortar - 
Ardex mortar - Least workable
I
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5. When the compressive strength of mortar is determined using either 100 mm 
cubes or 40 mm prism ends, strength increases with age but at a decreasing rate 
much like concrete. In general the 7 day strengths are about 2/3 of the 28 day 
value. With both Ardex and Celfix mortars, 1 day strengths exceeded 2 N/mm^ and 
sometimes achieved 10 N/mm^ and most 3 days values exceeded 4 N/mm^. With 
Dünnbettmôrt mortar the 28 days strength of 40 mm prism ends was about 10 
N/mm^ but the gain in strength was slower than for the other materials. All mortars 
exhibited more variability up to 7 days.
6 . In general, the tensile flexural strength of mortars increased with age but at a 
decreasing rate but the results were much more erratic than with compressive 
strength tests. At 28 days the tensile flexural strength of Ardex reached 5.5 N/mm^ 
and even Dünnbettmôrt achieved 2.5 N/mm^, considerably in excess of the British 
Standard requirement. Further, although there was considerable variation in the 
early age results at one and three days, flexural strengths in excess of 2.0 N/mm^ 
were achieved in many of the Ardex and Celfix results.
7. With the direct tensile strength results, similar trends to those for flexural strength 
were determined but overall, direct tensile strength was about 50% of the flexural 
strength values.
8 . The strength properties of mortar vary with mortar consistency achieving a 
maximum value at a particular value of consistency. This maximum depends on 
mortar type and which test is being evaluated. In general, though, optimum 
performance was achieved at a mortar/water ratio of about 2.5.
9. Determining the compressive strength of mortar using 100mm cubes and 40mm 
prism ends produced similar strengths except at high values where the 40mm 
prism ends started to slightly outperform cubes. More variability in the results 
occurred at lower strengths.
10. In general there is no clear relationship between workability of mortar and its 
strength.
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Chapter 6: Experimental Results and Analysis - Masonry
6.1 Introduction
This chapter presents the results of the experimental work performed on masonry. As with 
the mortar, testing was carried out at Kingston University laboratories, the Building 
Research Establishment in Watford and at a site laboratory of Laing O’Rourke in Dartford, 
Essex. The testing regime undertaken is, as with the mortar testing, divided into a series 
of programmes. The following discussion briefly summarises the aims of each programme 
with respect to masonry properties.
Programme 1 included only one unit type. Grey Dense Concrete (GDC) blocks, and one 
mortar Ardex X7G Plus from which either B or P-wallettes were built. The variables 
examined in this programme included the consistency of the mortar mix, varied by altering 
the quantity of water in the mix, the age at testing, the method of construction and the 
moisture content of the units at the time of construction. All specimens were cured under 
polythene until testing.
Programme 2 included GDC blocks all built into B-wallettes (wallette built to be test in 
bending parallel to bed joints) and all tested at the age of 7 days. All specimens were 
cured under polythene until testing. The only variable examined was the consistency of 
the mortar. Specimens were constructed using the scoop method of construction.
Programme 3 included only Yellow Dense Concrete (YDC) blocks built into B-wallettes 
using Ardex mortar of the same consistency and all cured under polythene until testing. 
All specimens were built using the scoop method and tested at a range of ages from 1-28 
days. One set of B-wallettes had its deflections recorded.
Programme 4 included two unit types, GDC and YDC blocks. All specimens in the 
programme were B-wallettes and the mortar in all instances was of the same consistency, 
which according to previous testing would give the optimum bond. All specimens were 
built using the scoop and trowel method and cured under polythene until testing. From 
one set of specimens, deflection readings were taken. The aim of this programme was to 
compare the flexural strength of two different concrete blocks which had the same 
compressive strength.
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Programme 5 had two main objectives. Firstly, five different masonry unit types were 
studied. Couplet specimens (CU) and Stack Bonded Beams (SBB) using appropriate 
mortar, all at the same consistency were built and tested at a range of ages up to 56 days 
for the five unit types. So for example Celfix mortar was used to construct AAC bricks, 
mixed as the manufacturer recommended. For all other units Ardex at a volume 
proportion of 1.75:0.70 was used as it was thought this would produce the optimum bond. 
All specimens were cured under polythene at room temperature until testing and all 
specimens were built using the scoop and trowel method. The variables studied were unit 
type and age at testing. Two clay bricks, one concrete brick CB, one Aircrete brick (AAC) 
and two types of solid dense concrete block were included.
A second objective of programme 5 was to test CU and SBB which had been subjected to 
elevated temperatures in ovens prior to testing. The four brick specimens tested in the 
earlier part of this programme were included but because specimens had to be placed in 
ovens, using larger blocks was impractical so the YDC units were excluded. As in the 
earlier part of the programme, couplet specimens built using appropriate mortar all at the 
same consistency were manufactured using the scoop and trowel method. All specimens 
from one unit type were manufactured and immediately wrapped in polythene. As the 
programme aimed to examine the effect of arresting hydration at a variety of ages, 
specimens where hydration was to be arrested at an age of say 6  days, had their 
polythene removed at that age and the specimens were then placed in an oven (105°C for 
clay bricks, and 70°C for AAC and CB bricks) until testing at 28 days.
Programme 6  was a separate programme which studied vertically and laterally loaded 
calcium silicate wallette specimens. Details of this testing programme are given in 
sections 3.4.6 - 3.4.6.2.2 complete results on masonry can be found in Appendices D-F 
and M-0.
6.2 Masonry Testing
Masonry testing included, B and P-wallettes tested in flexure, B-wallettes tested in 
compression and CU specimens broken using a bond wrench (BR), again to determine 
the flexural strength of masonry. Figures 3.18 -  3.27 and 3.30 -  3.37 show specimen 
sizes for different units and test configurations. A summary of the tests undertaken is 
given in Tables 6.1 and 6.2. Table 6.1 indicates which units were subject to which tests 
while Table 6.2 gives the test results. The results in Table 6.2 represent the average of 
between 3 and 10 test specimens but in some instances a single specimen was tested.
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When 3 or more tests have been undertaken the mean, standard deviation, coefficient of 
variation and characteristic strength have been found. Obviously if only 1 value was 
recorded then this has been taken as the mean and the standard deviation, coefficient of 
variation and characteristic value are not recorded on the table. Tables 4.1 - 4.17 show 
details of the units included in the testing. Tables 5.1 - 5.4 show details of mortar used.
In examining the results, a number of variables will be studied. Whilst some of the 
programmes were designed to examine a specific variable, where it is possible to 
examine a variable across a range of programmes, this was always undertaken.
The properties of masonry will be considered in two sections. The first part will look at the 
flexural strength of masonry where initially the effect of age on masonry properties will be 
studied. Then the impact of mortar consistency on bond will be examined. Investigations 
into the impact of construction method on bond and the part the moisture content of the 
unit at the time of laying plays in influencing bond will also be examined. In the second 
section, masonry compressive strength will be considered. The age at testing and the 
width of the unit are the variables which will be studied.
In some cases deflection readings of B and P-wallettes under flexure have been 
determined and with the calcium silicate wallettes subjected to compressive forces strain 
readings were recorded. Results on these aspects are included in the relevant sections.
Table 6.1 : Summary of Masonry testing
Unit type Abbreviation
Flexure Compression
Bond wrench 
Accordance 
with BS EN 
1052-5: 2005 
[67]
B-wallette 
Accordance 
with BS EN 
1052-2: 1999 
[66]
P-wallette 
Accordance 
with BS EN 
1052-2: 
1999 [66]
B-wallette 
Accordance 
with BS EN 
1052-1: 1999 
[68]
Aircrete bricks AAC / ( A ) - - -
Red smooth clay bricks RSB y  (A) - - -
Red rough clay bricks RRB y  (A) - - -
Concrete bricks CB y  (A) - - -
Yellow rough clay bricks YRB - - - -
Grey solid dense concrete blocks GDC - -
Yellow solid dense concrete blocks YDC y (B ) ' - -
Calcium silicate blocks (Small) CaSBI(S) y (B ) - - -
Calcium silicate blocks (Large) CaSBI(L) - •/
Note
- Bond wrench used to test standard bricks
- Bond wrench used to test yellow blocks and small calcium silicate units
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6.3 Masonry Flexural Strength
6.3.1 The effect of age on flexural strength
Figure 6.1 uses the flexural strength of B-wallette (wallette tested in vertical bending) 
specimens constructed using 3 different unit types to evaluate how the flexural strength 
varies with age. With the GDC units results were extracted from programme 1, test 1, 3, 9 
and 13. In addition test 10 is included and shows the influence of pre-wetting specimens 
before building.
With the YDC units results were extracted from programme 3, tests 26-31. All specimens 
from GDC and YDC units were built using Ardex X7G Plus mortar (1.75 mortar: 1.0 water) 
and all units were 100mm wide. With calcium silicate units, the 150 wide B-wallette 
specimens B1-B4 (B-wallette number 1 to B-wallette number 2), B6 , and B8-B10, 100mm 
wide specimens, B11, B13 - B15, B17 and B20 and 240mm wide specimens B21, B23, 
B25, B26, and B28-B29 were built using Dünnbettmôrt mortar. Specimens B31 and B32 
were 150mm wide and built using Silka mortar and Ardex X7G Plus mortar. All Calcium 
Silicate specimens were from programme 6  and were tested at 14 days and are included 
to compare their values with other combinations of unit and mortar.
When considering flexural strength determined using B-wallettes, the most 
comprehensive set of results is the YDC blocks in combination with Ardex X7G Plus 
mortar. Very little flexural strength gain is achieved up to age 5 days but thereafter there is 
an increase in bond at a decreasing rate up to 28 days. The 28 day flexural strength is 
1.02 N/mm^ With GDC units comparable values exist only at 5 and 14 days. The 5 day 
value (single wallette specimen) exceeds the YDC result but the converse occurs at 14 
days when the GDC flexural strength is 0.91 of that of the YDC specimen. The 14 day 
Calcium Silicate flexural strength value for specimens built using Ardex is 0.78 of that of 
the YDC specimens whereas specimens built using Silka and Dünnbettmôrt mortar only 
achieved between 0.15 - 0.22 and Silka mortar was 0.18 of the YDC flexural strength. 
GDC units built using wet units, cured under polythene and tested at 7 days are also 
included in Figure 6.1. Although no data exists to compare with these results, it is evident 
from the graph there is some enhancement to strength. These findings indicate the 
flexural strength is very dependent on the characteristics of the thin layer mortar used and 
that wetting concrete units prior to construction enhances flexural strength. Wetting 
concrete units prior to construction to reduce their suction meant low suction blocks 
needed a leaner mortar, with high water retention to give good bond.
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Only YDC has enough points to represent the data trend as noted on Figure 6.1. The 
correlation is good (include value here and in graph) and as expected there is an increase 
in strength with age but at a reducing rate. A summary of the tests undertaken is given in 
Table 6.3.
Figure 6.1 : Effect of age on flexural strength using B-wallette.
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— — CaSBI(L)-100mm/Dunnbettmort (Pgm. 6)
«  CaSBI(L)-150mm/Dunbettmort (Pgm. 6) 
X CaSBi(L)-240mm/Dunnbettmort (Pgm. 6) 
ta CaSBI(L)/Silka mortar 
 Log. (YDC (Pgm.3))
In Figure 6.2 the effect of age on flexural strength is evaluated using the Bond wrench to 
test specimens. Six unit types built with three different mortars are included in Figure 6.2; 
all but the calcium silicate (CaSBI(S) units come from programme 5. From this programme 
AAC units combined with Celfix come from test No. 40, RSB with Ardex X7G Plus from 
test 41, RRB also with Ardex X7G Plus from test 42, CB units again combined with Ardex 
X7G Plus from test 43, and YDC units also with Ardex X7G Plus from test 44. The 
(CaSBI(S) were from programme 6  and specimens from tests BRI- BR5 through to BR56 
- BR60 are included where Dünnbettmôrt mortar was used. All specimens in programme 5 
were built using the scoop and trowel technique, but in programme 6  only the scoop was 
used. A summary of the tests undertaken is given in Table 6.4.
Figure 6.2 includes the best fit natural logarithmic plots for each series. Furthers Table 6.5 
shows the 1, 3, 7 and 28-day bond strengths and the proportion of 28-day strength each 
combination of materials achieved at 1, 3 and 7 days. R  ^values for the different masonry 
type are shown in Table 6 .6 . The correlations are generally poor ranging from 0.31 -
0.84. Correlations vary across the four units studied and it is thought this is due the 
variability of the reactions which result in bond being highly variable particularly during the 
early ages mirroring the behaviour of the mortar as was shown in Chapter 5.
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To further examine this, values have been recalculated for each of the materials 
excluding the results for the first 6  days, when it is observed R  ^values improve for AAC, 
RRB, CB and CaSBI(S), but get worse for RSB and YDC as noted in Figure 6.3. With the 
RSB and YDC units, very little increase in strength occurs from 1 week onwards and so 
the correlation could be expected to be poor when based on a natural logarithm. The 
weak bond observed when YDC units are combined with Ardex might be due to the 
interaction between the YDC units and this mortar; an observation of the strength vs. age 
line from 7 days suggests a linear relationship may be more appropriate in this case.
When early age values (1-6 days) are excluded correlation coefficients based on the 
natural logarithm vary from 0.0 (YDC units) to 0.99. The RSB correlation is 0.59 down 
from 0.75 for similar reasons to the YDC units. Those for the four other units all improve 
considerably.
Figure 6.2: Effect of age on Flexural strength using the bond wrench
Age (Days)
AAC/Celfix mortar 
RRB/Ardexmortar 
CB/Ardex mortar 
RSB/Ardexmortar 
YDC/Ardex mortar 
CaSBI(S)/Dunnbettmort
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■ Log. (RSB/Ardexmortar)
- Log. (CB/Ardex mortar)
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- Log. (AAC/Celfixmortar)
Log. (CaSBI(S)/Dunnbettmort)
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R? = 0.84 
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Figure 6.3: Effect of age on Flexural strength using the bond wrench excluding early age tests
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Table 6.3: Summary of masonry B-wallette testing - The effect of age on flexural strength
Program
No.
Test
No.
Unit
Type
(mm)
Unit
thickness
(mm)
No. of
specimens
Mortar
type
Mortar
Mix
Age
(days)
Mean
flexural
strength
(N/mm*)
1 GDC 100 1 Ardex X7G Plus 1.75:1.0 5 0.45
3 GDC 100 5 Ardex X7G Plus 1.75:1.0 14 0.87
1 9 GDC 100 5 Ardex X7G Plus 1.75:1.0 14 0.83
13 GDC 100 5 Ardex X7G Plus 1.75:1.0 14 0.89
10 GDC 100 5 Ardex X7G Plus 1.75:1.0 7 0.81
26 YDC 100 5 Ardex X7G Plus 1.75:1.0 2 0.23
27 YDC 100 5 Ardex X7G Plus 1.75:1.0 3 0.23
28 YDC 100 5 Ardex X7G Plus 1.75:1.0 5 0.31
3
29 YDC 100 5 Ardex X7G Plus 1.75:1.0 7 0.72
30 YDC 100 5 Ardex X7G Plus 1.75:1.0 14 0.95
31 YDC 100 5 Ardex X7G Plus 1.75:1.0 28 1.02
B1-B4, B6, 
and B8-B10 CaSBI(L) 150 8
Dünnbettmôrt
TRGS613 2.5:1 14 0.21
B11, B13- 
B15, B17 and 
B20
CaSBI(L) 100 6 DünnbettmôrtTRGS613 2.5:1 14 0.20
6 B21, B23, 
B25, B26, B28 
and B29
CaSBI(L) 240 6 DünnbettmôrtTRGS613 2.5:1 14 0.14
B31 CaSBI(L) 150 1 Silka mortar 4.2:1 14 0.17
B32 CaSBI(L) 150 1 Ardex X7G Plus 1.75:1.0 14 0.74
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Table 6.4: Summary of flexural strength testing using bond wrench -  The effect of age on flexural strength 
(Data extracted from Table 6.2)
Pgm.
No.
Test
No Unit type
Unit
ttiickness
(mm)
Construction
method Mortar type (Mix)
No of 
specimen 
-Type
Age at 
testing 
(days)
Flexural
strength
(N/mm')
6-SBB 1 0.34
6-SBB 2 0.39
5-SBB 3 0.33
4-SBB 4 0.35
Scoop and 
Trowel
5-SBB 5 0.26
40 AAC 102.5 Celfix mortar (5.7:1) 5-SBB 6 0.28
6-SBB 7 0.29
5-SBB 8 0.47
5-SBB 14 0.42
5-SBB 28 0.46
5-SBB 56 0.78
6- SBB 1 0.87
6- SBB 2 1.35
6- SBB 3 1.74
6- SBB 4 1.74
Ardex X7G Plus 
(1.75:0.70)
6- SBB 5 1.98
41 RSB 102.5 Scoop & Trowel 6- SBB 6 1.92
6- SBB 7 1.97
6- SBB 8 1.95
6- SBB 14 2.23
6- SBB 28 2.27
6- SBB 56 2.19
6- SBB 1 1.20
6- SBB 2 1.68
6- SBB 3 1.84
6- SBB 4 2.03
Ardex X7G Plus 
(1.75:0.70)
6- SBB 5 2.10
5 42 RRB 102.5 Scoop & Trowel 6- SBB 6 1.82
6- SBB 7 1.36
6- SBB 8 1.93
6- SBB 14 1.91
6- SBB 28 2.47
6- SBB 56 2.86
6- SBB 1 1.02
6- SBB 2 0.98
6-SBB 3 1.29
6- SBB 4 1.16
Ardex X7G Plus 
(1.75:0.70)
6- SBB 5 1.61
43 CB 102.5 Scoop & Trowel 6- SBB 6 1.20
6- SBB 7 1.26
6- SBB 8 1.39
6- SBB 14 1.65
6- SBB 28 1.91
5- SBB 56 2.20
10-CU 1 0.52
10- CU 2 0.58
10-CU 3 0.78
10-CU 4 1.01
Ardex X7G Plus 
(1.75:0.70)
10-CU 5 1.00
44 YDC 100 Scoop & Trowel 10- CU 6 1.00
10- CU 7 0.91
10- CU 8 1.01
10-CU 14 0.77
10- CU 28 0.94
5- CU 56 0.93
5- CU 1 0.29
5-CU 2 0.20
Dünnbettmôrt thin 
layer mortar TRGS 
613 
(2.5:1)
5- CU 3 0.21
1-35 5- CU 4 0.28
6 and CaSBI(S) 150 Scoop only 5- CU 5 0.28
51-60 5- CU 6 0.26
5-CU 8 0.32
5- CU 14 0.35
5- CU 28 0.38
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Table 6.6: Comparison between R  ^values for five types of masonry when excluding or including early age
of specimens.
Masonry valueIncluding all values Excluding all values
AAC/ Celfix 0.50 0.72
RRB/ Ardex 0.68 0.90
CB/ Ardex 0.84 0.99
RSB/ Ardex 0.59
YDC/ Ardex 0.00
CaSBI(S)/ Dünnbettmôrt 0.56 0.99
6.4 Summary of Results on Mean Values (Table 6.4 and Figure 6.2)
Summary of Results on Mean Values
i. With the exception of CaSBI(S) units, the tensile flexural strength of masonry 
increases with age but at a decreasing rate. With the AAC units, the values are low 
but nevertheless this trend is evident. With the CaSBI(S), the bond strength hardly 
changes from day 1-28.
ii. Bond strength results are more erratic in the first 7 days for all materials than after 
7 days.
iii. Overall the RRB clay units joined with Ardex gave the highest bond strengths but 
the RSB clay units also bonded with Ardex were 92% of the RRB value at 28 days. 
The mean bond stress of these units at 28 days was 2.47 and 2.27 N/mm^ as 
shown in Table 6.4.
iv. If the CB and YDC units are compared to the RRB brick at 28 days managed only 
77 and 38% of the former’s bond strength. This result is surprising, since both 
these units are manufactured using some form of concrete. There is however, an 
explanation. With the testing of the wallettes formed using Ardex X7G Plus and 
YDC blocks details of the failure mode was closely noted and it was observed that 
the failure mode was in some instances 100% through the block but in most 
instances a combination of through the block and de-bonding coupled with 
plucking of parts of the block. This suggests that the flexural strength of these 
wallette specimens represents a flexural strength close to their unit modulus of 
rupture (UMOR). The maximum value of tensile flexural strength obtained with 
these wallette specimens was 1.02N/mm^ occurring at 28 days age. Strengths of
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0.91 and 0.72 N/mm^ were recorded at 7 days. Hence the relatively low tensile 
flexural strength of the YDC units is probably due to their low UMOR, not weak 
bond.
V. When the AAC unit’s bond strength at 28 days is compared to that of RRB units it 
achieved only 19% of the clay units, and with the CaSBI(S) units the proportion 
when compared to RRB was even lower, being only 15%, less than 1/10 of the 
bond strength of the clay unit.
vi. When one looks at the 1, 3 and 7 day strength as a proportion of the 28 day 
strength, the following is deduced: AAC units -  The proportion of 28 day strength 
at 1, 3 and 7 days are 0.74, 0.72 and 0.63 a surprising downward trend. It is, 
however, unwise to read too much into this finding as there were high variability’s 
at 1 and 3 days which have influenced the finding. RRB and RSB units - The 
highest variability in the test results occurred for both these units at 28 days. With 
the RRB units high variability also occurred at 7 days so with this material although 
the ratio of 7 : 28 day mean strength of 0.55 is surprising when the 3 : 28 day 
value is 0.74 it is probably due to the variations. With the RSB units, and despite 
the differences in variation, the ratio of 1, 3 and 7 day strength when compared to 
that at 28 days increases at a decreasing rate as expected. CB and YDC units - 
With the CB units, the variability at 7 days (33%) was more than double that at 1, 3 
and 28, days and this high value clearly influences the 7: 28 day strength ratio. 
With the YDC blocks, the variability in general decreased from 1 through to 28 
days and the ratio of 1, 3 and 7 day strength to the 28 day value increases at a 
decreasing rate as expected. CaSBI(S) units -  The mean strength at 1, 7 and 28 
days are similar for this material but at 3 days a flexural strength 50% higher was 
found, despite this value being associated with the highest variability in the results. 
Deducing meaningful trends using these results is not possible.
vii. Overall it can be deduced that for all units with the exception of Calcium Silicate 
the 28 day value exceeds the 1, 3 and 7 day strength but by varying amounts. 
With mean values the corresponding ratios of 1: 28, 3: 28 and 7:28 was 0.58, 0.71 
and 0.75 N/mm^ respectively, indicating rapid early age strength gain.
viii. The relationship between strength and age improves if considered from age 6 
days rather than from 1 day. Good correlations are obtained using the natural
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logarithm for materials that are still gaining some strength at age 7 days but for 
those which do not gain much strength from age 7 days, the logarithmic correlation 
may not be appropriate.
6.5 Summary of Results on characteristic values (Table 6.3)
Table 6.5 shows the characteristic strength of sets of samples tested at 1, 3, 7 and 28 
days and also the characteristic strength as specified for designation (i) mortar in BS 
5628-1; 2005 [2]. At 28 days all specimens with the exception of CaSBI(S) units had 
characteristic strengths well in excess of those given for designation (i) mortar. The table 
indicates that the ratio of characteristic bond strength at 28 days; the appropriate value 
taken from table 3 of BS 5628-1: 2005 [2] ranges from 1.52 -  5.92. At seven days these 
units gave corresponding values in the range 0.96 -  2.68, but at 3 days characteristic test 
values were less than code requirements for half the specimens. Thin mortar strength is 
in excess of that the BS currently suggests and as a consequence perhaps a new 
classification is need in the codes.
With Calcium Silicate units little change in strength, either mean or characteristic occurs 
from 1 - 2 8  days and the characteristic values are low compared to the values in BS 
5628-1: 2005 [2].
All Calcium Silicate units were constructed out of doors in hot, dry and windy 
circumstances, and with no specific curing regime, conditions not conducive to good bond 
conditions. Under these circumstances it is likely the mortar was dried out more quickly 
than if specimens were cured under polythene in a laboratory and that as a result 
hydration was halted at a relatively early age accounting for the strength not increasing 
noticeably from day 1 onwards.
6.6 The Effect of Mortar Consistency on Mortar Properties
In Figure 6.4 the impact of mortar consistency is examined using B-wallette specimens 
built with GDC blocks. The following date is included and summarised in Table 6.7.
a) 7 day data from programme 1, tests 7 and 11 and programme 2 tests 12, 17 
and 18.
b) 14 day data from programme 1, tests 3, 9 and 13.
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To enhance the data available in terms of consistency, the following data are included in 
Figure 6.4:
a) Blocks wetted -  programme 1, test 10.
b) Scoop and trowel construction - programme 1, test 5, and 
25.
programme 4, test
Table 6.7: The effect of mortar consistency on mortar properties (Data extracted from Table 6.2)
Pgm.
No.
Test
No.
Unit
type Mortar type
‘ Mortar
mix
Construction
method
Age
(days) M ST cv Ch
1
7 GDC Ardex X7G Plus 1.75: 1.50 (1.17) Scoop only 7 0.29 0.06 21.11 0.19
11 GDC Ardex X7G Plus 1.75: 0.75 (2.33) Scoop only 7 0.77 0.10 13.31 0.60
2
17 GDC Ardex X7G Plus 1.75:0.70(2.5) Scoop only 7 1.13 0.25 21.76 0.73
12 GDC Ardex X7G Plus 1.75: 0.60 (2.92) Scoop only 7 1.35 0.21 15.60 1.01
18 GDC Ardex X7G Plus 1.75: 0.50 (3.5) Scoop only 7 1.06 0.13 11.93 0.86
1
3.9,
13 GDC Ardex X7G Plus
1.75: 1.0 
(1.75) Scoop only 14 0.86 0.19 22.30 0.55
10 GDC Ardex X7G Plus 1.75: 1.0 (1.75) Scoop only 7 0.81 0.17 21.07 0.53
5 GDC Ardex X7G Plus 1.75: 1.0 (1.75)
Scoop and 
trowel 28 0.82 0.31 37.65 0.31
4 25 GDC Ardex X7G Plus 1.75: 0.70 (2.5)
Scoop and 
trowel 28 1.18 0.26 22.43 0.74
‘ Note: The consistency has been evaluated by dividing the volume of mortar used in a mix by the volume of water
The consistency has been evaluated by dividing the volume of mortar used in a mix by the 
volume of water hence higher numbers represent dryer mixes and this is compared to the 
means of test results for workability.
The most representative data is that from masonry built using only the scoop at age 7 
days. As the consistency measure increases up to 3.5, so the mean flexural strength 
increases but with some variation from a consistency of 3.0 and above. From the 
practical point of view, building specimens with a mortar: water ratio of 3.0 was difficult as 
the mix was too dry and stiff. Hence an optimum mortar: water ratio of 2.5 was selected. 
To the above data two additional points can be plotted on Figure 6.4, both at a 
consistency of 1.75. The first represents flexural strength at 14 days and it can be seen 
there is a significant enhancement to strength. The second point represents masonry 
constructed using wetted units but broken at 7 days. The flexural bond strength is 
significantly greater than the strength at 7 days of the units that were not wetted.
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indicating that wetting units at time of building can significantly enhance flexural strength. 
At 28 days age, there are two further points shown, from specimens built using the scoop 
only at consistency values of 1.75 and 2.5 and these indicate an increase in flexural bond 
as mortar becomes stiffer, but not following the pattern of the specimens constructed 
using only the scoop. Two further points could be included on this graph but have been 
excluded to simplify the figure. They were from masonry constructed using the scoop and 
trowel at a consistency value of 2.5 but tested at ages of 7 and 14 days. These are both 
about 90-95% of the flexural bond values of similar specimens tested at 28 days 
suggesting that with the scoop and trowel method, there is little gain in strength in flexural 
bond, from age 7 days onwards.
Highest strengths were obtained for the Ardex at 7 days with a consistency of 3.0. For the 
7 day materials a relationship using the natural logarithm exists as S = 0.87C -  0.19, (R^ = 
0.78), where S is the flexural strength of masonry and C is the consistency of the mortar 
mix used.
When compared to Figure 5.15 which examines the effect of mortar consistency on mortar 
strength, it is evident the wallettes with dryer mortars give weaker mortar strength but this 
is not reflected in the flexural strength of masonry.
Figure 6.4: Effect of mortar consistency on flexural strengtti of masonry
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6.7 The Impact of Construction Method on Masonry Flexural Strength
Two methods of constructing thin joint masonry, as described in section 3.4.1, Chapter 3 
were undertaken. Results are shown in Table 6.8 and Figure 6.5 and are average values 
of 5 B-wallette tests and include results at 7, 14 and 28 days although a few results at 
earlier ages are shown in Table 6.8. Obtaining definitive data to compare the methods of 
construction is impossible but Table 6.8 and Figure 6.5 indicate the best available 
information. In general the scoop and trowel method of building produced the highest 
bond strengths at 14 and 28 days but at 7 days and with the GDC blocks conventional 
construction methods with mortar consistencies of 1.75: (0.5 - 0.7) were as good as or 
better than using the scoop and trowel technique.
The logarithmic correlation for both construction methods with age (using scoop only or 
scoop and trowel) gave good correlation and can be expressed as, S=0.24A +0.52, 
(R^=0.89) for YDC using a mixing ratio of 1.75: 0.70, S=0.09S +0.87, (R^=0.81) for GDC 
with a ratio 1.75:0.70 built using the scoop and trowel technique, S=0.35A -0.08, 
(R^=0.90) for YDC with a ratio 1.75:1 was built using scoop only, where S is the flexural 
strength of masonry wallettes and A is the age at testing of the specimens.
Table 6.8: Comparison between scoop and scoop and trowel (data extracted from Table 6.2)
Programme Test Unit Mix Age Mean of flexure strength (N/mm^)
No. No. Type Ratio (days) Scoop Scoop and trowel
23 GDC 1.75:0.70 7 - 1.06
4 24 GDC 1.75:0.70 14 - 1.07
25 GDC 1.75:0.70 28 - 1.18
17 GDC 1.75:0.70 7 1.13 -
2 12 GDC 1.75:0.60 7 -1.35 -
18 GDC 1.75:0.50 7 1.06 -
5 GDC 1.75:1.0 28 - 0.82
3 GDC 1.75:1.0 14 0.87 -
1 13 GDC 1.75:1.0 14 0.89
-
7 GDC 1.75:1.50 7 0.29 -
11 GDC 1.75:0.75 7 0.77 -
9 GDC 1.75:1.0 14 0.83 -
26 YDC 1.75:1.0 2 0.23 -
27 YDC 1.75:1.0 3 0.25 -
3 28 YDC 1.75:1.0 5 0.31
-
29 YDC 1.75:1.0 7 0.72 -
30 YDC 1.75:1.0 14 0.95 -
31 YDC 1.75:1.0 28 1.02 -
19 YDC 1.75:0.70 28 - 1.09
4 20 YDC 1.75:0.70 7
- 0.97
21 YDC 1.75:0.70 14 - 1.23
22 YDC 1.75:0.70 28 - 1.50
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Figure 6.5: The impact of construction methods on bond strength
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6.8: The Impact of Moisture Content of Unit at the Time of Construction
Five wallettes were built using dry GDC units, and five with these units completely 
immersed in water but allowed to stand and drain for 15 minutes before building. A mix 
ratio of 1.75: 1.0 (mortar: water) by volume was used. The wallettes made using the wet 
units (programme 1, test 10) were tested at 7 days whereas those made using dry units 
(programme 1, test 9) were broken at 14 days so to enable comparisons these 14 day 
results were converted to an equivalent 7- day value. Using Figure 6.1 it is evident that 7 
day values of strength are approximately 75% of the 14 - day value. Consequently the 
strength of the wallettes made using wet units at 7 -  days, 0.81 N/mm^ needs to be 
compared with a value of 0.75 x 0.83 N/mm^ = 0.62 N/mm^ for the dry units. There is thus 
a 30% enhancement to strength with wetting.
6.9 The impact of Early Age Heating and Age on The Flexural Strength of 
Masonry Formed Using Polymer Modified Mortars and how These 
Compare with Untreated Masonry
The flexural strength of the masonry in these tests was determined using the bond wrench 
(BR) test in accordance with BS EN 1052-5: 2005 [67] over a range of ages. Two sub 
programmes of work were undertaken. In the first. Stack Bonded Beams (SBB) were 
constructed and cured under polythene until testing. All specimens had three concrete 
units placed on top after being wrapped in polythene. With the second programme of
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testing, again SBB specimens were constructed and wrapped in polythene for an initial set 
number of days after which they were heated in an oven for (x) days, cooled and tested. 
Always, the initial time in air plus the time in the oven were planned so testing would occur 
at 28 days. So for example SBB made on day 0, would be wrapped in polythene up until 
say day 5 then placed in the oven for a further 23 days and finally tested at 28 days. In 
this example x = 23. Four brick sized unit types were included in this testing programme. 
These were AAC, RSB, YRB and (CB) bricks as indicated in Table 4.1 CB and AAC units 
were heated to 70°C and all others to 105°C.
Figure 6.6 indicates the effect of the oven treatment on flexural strength for the four units 
examined. Figure 6.7 compares the bond of oven treated and polythene wrapped (non 
oven treated) CB and AAC specimens while Figure 6.8 compares the bond of both types 
of clay bricks when either oven treated or polythene wrapped. In Figure 6.6, the clay units 
and concrete bricks maintain reasonable strengths when exposed to oven treatment for 
less than a week but thereafter the bond declines rapidly.
Figure 6.6: Effect of age on bond strength (specimens cured under polythene then placed in the oven for
“x” days until testing at 28 days (Pgm. 5))
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Figure 6.6: shows the relationship between the flexural strength of masonry and the time 
period that the specimens were exposed to in the oven. The tensile flexural bond strength 
can be an exponential value expressed as S = 0.56e'°^°^ (R^ = 0.95) for AAC and Celfix 
mortar, S=1.95e‘°°''^^\ (R^ = 0.92) for CB and Ardex mortar, S = (R^ = 0.44)
for RRB and Ardex mortar, S = 1.57e'° °^^ \^ (R^ = 0.45) for RSB and Ardex mortar.
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Figure 6.7 examines the flexural strength of concrete masonry when exposed to higher 
temperatures. Firstly consider the CB tested at a range of ages [CB/ Ardex mortar - Air 
cured]. The specimens gained strength but at a decreasing rate to 28 days and then on to 
56 days although there is considerable variation up to 7 days. With specimens exposed to 
heat, more care is needed in the interpretation of the results. The specimens exposed to 1 
day in the oven (x = 1) have a flexural strength of 1.91 N/mm^ but this corresponds to a 
specimen spending 27 days under polythene in the laboratory and then I day in the oven. 
The strength of a specimen cured under polythene for the full 28 days was also 1.91 
N/mm^ hence exposing a specimen to 24 hours of oven treatment when it is 27 days old 
has little impact. If we then consider specimens exposed for 7 days (x = 7) to oven 
temperatures noting that the specimen first spends 21 days under polythene but is still 
tested at 28 days, it has a strength of 1.4 N/mm^. Thus there is a reduction to 73% of the 
28 day strength of the untreated specimen. If one, however, considers the hydration to be 
arrested at 21 days, the value of 1.4 N/mm^ ought to be compared with strength of 1.8 
N/mm^ this value representing the 21 day strength of CB masonry. There is reduction in 
strength of 1.4/1.8 = 0.77 of the unheated strength, the finding indicating that the 7 days 
exposure to higher temperatures results in a significant loss of flexural strength.
If the exposure to oven treatment is for 14 days the reduction becomes 55% of the 
untreated 28 day strength, and with 28 days exposure the reduction is to 41% of 28 day 
values. Again, in these two cases if one considers the hydration to be arrested at 14 and 1 
day, the value of flexural strength, 1.05 N/mm^ at 14 days oven exposure and 0.78 N/mm^ 
at 28 days oven exposure, ought to be compared with flexural strengths of 1.91 and 1.02 
N/mm^ representing 0.55 and 0.77 of the strength of unheated masonry. Hence, however 
one interprets the findings, there is significant strength loss when concrete masonry is 
exposed to heat. With Aircrete exposure to heat for up to 5 days was examined and 
similar trends emerged.
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Figure 6.7: Comparison of flexural bond strength of air and oven treated couplets (Aircrete and concrete bricks
(Pgm. 5))
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Figure 6.7 shows correlations between the tensile strength obtained using bond wrench 
specimens treated in air, where it is evident there is a good correlation when using the 
exponential relationship but poor correlation for oven treated specimens when the 
logarithmic relationship is used. With the latter correlation, S = 0.09A + 0.23, (R^ = 0.50) 
for the AAC units/Celfix mortar oven cured specimens and S = 0.16A + 1.01, (R^ = 0.64) 
for CB units/Ardex mortar oven cured specimens. For the former, S = 0.56'°^°^, (R^ = 
0.95) for AAC units/Celfix mortar air cured and S = 1.95'°°"^^ (R^ = 0.92) for CB 
units/Ardex mortar specimens air cured. The trend patterns observable on Figure 6.7 
display positive correlations for specimens cured in air, whereas the specimens treated in 
the oven have poor results. Clearly heating mortar causes variations which are 
significantly higher than when air cured.
Figure 6.8 examines the flexural strength of 2 types of clay masonry exposed to higher 
temperatures. The strength gain of the masonry with age is also included in the Figure. 
With the unheated specimens, both types of masonry gained in strength with age but at 
decreasing rates and both indicated considerable variation up to 7 days. The RSB 
material achieved strengths of 2.27 N/mm^ at 28 - days roughly 1.5 times that gained by 
the CB specimens and the RRB units preformed nearly as well as the RSB specimens, 
exceeding them at 56 days. The RRB specimens exposed for 1, 7, 14 and 28 days to 
higher temperatures but all tested at 28 days, achieved strengths of 2.14, 0.94, 0.60 and 
0.81 N/mm^ respectively, whereas a specimen cured under polythene for 28 days in the 
laboratory achieved a strength of 2.47 N/mm^. Corresponding strengths at these ages for 
the treated RSB units are 1.91, 0.89, 1.37 and 0.77 N/mm^ whereas specimens cured
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under polythene achieved a 28 day strength of 2.26N/mm^. With both clay unit types, the 
flexural strength when exposed to 1 day of oven treatment is 85 - 87% of the unexposed 
28 day value and this reduces to 33 - 34% with 28 days exposure when compared to the 
28 day strength for cured laboratory specimens. Further, if with the heated clay specimens 
one considers flexural strength to be arrested at 1, 7, 14 and 28 days it is evident that 
bond loss occurs as a result of exposure to heat in a similar manner to the concrete 
bricks.
Figure 6.8 includes attempts at determining the correlation between the data. When a 
logarithmic plot is fitted to the air cured specimens values of 0.78 and 0.42 are 
obtained whereas when an exponential curve is fitted to the oven cured specimens the 
values are 0.45 and 0.74. The equations are shown on Figure 6.8..
Figure 6.8; Comparison of bond strength of air and oven treated couplets (Smooth and rough day bricks (Pgm. 5))
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Figure 6.9 and Table 6.9 indicate the relationship between specimens exposed to the 
oven for x days in relation to the 28 day strength of laboratory cured specimens for two 
clay bricks, a concrete brick and Aircrete bricks. When clay specimens are heated at an 
age of 26 or 27 days for 2 or 1 days in the oven, the bond strength at 28 days is 
considerably reduced when compared to units cured at room temperature under 
polythene for the full 28 days. The reduction in bond strength increases with exposure to 
the oven but at a decreasing rate up to 28 days and there is considerable variation. With 
concrete bricks there is less reduction when exposed up to 5 days but the overall trend is 
similar and after 28 days exposure the reduction is nearly the same as that of the clay 
bricks. Limited data is available for the Aircrete units but a similar trend emerges.
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Figure 6.9: Oven exposed specimen 28 day/Air strength
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Table 6.9: Oven Exposed Specimen 28 day/Air strength
AAC RRB
Exposed to 
oven 
(days)
Flexural 
strength N/mm^ Oven Exposed 
specimen/28day 
air strength
Oven 
Exposed 
specimen/ 
7day air 
strength
Flexural
strength
N/mm*
Oven 
Exposed 
specimen 
/28day air 
strength
Oven 
Exposed 
specimen/ 
7day air 
strength
AAC-
Air
AAC-
Oven
RRB
-Air
RRB-
Oven
1 0.34 0.46 0.99 1.58 1.20 2.14 0.87 1.57
2 0.39 0.39 0.84 1.34 1.68 2.05 0.83 1.51
3 0.33 0.31 0.67 1.07 1.84 1.82 0.74 1.33
4 0.35 0.23 0.50 0.79 2.03 1.68 0.68 1.23
5 0.26 0.23 0.50 0.79 2.10 1.91 0.77 1.40
6 0.28 - - - 1.82 1.18 0.48 0.87
7 0.29 - - - 1.36 0.94 0.38 0.69
8 0.47 - - - 1.93 0.63 0.26 0.47
14 0.42 - - - 1.91 0.60 0.24 0.44
28 0.46 - - - 2.47 0.81 0.33 0.60
56 0.78 - - - 2.86 - - -
CB RSB
Exposed to 
oven 
(days)
Flexural 
strength N/mm^ Oven Exposed specimen/28day 
air strength
Oven 
Exposed 
specimen/ 
7day air 
strength
Flexural
strength
N/mm^
Oven 
Exposed 
specimen 
/28day air 
strength
Oven 
Exposed 
specimen/ 
7day air 
strength
CB-
Air
CB-
Oven
RSB
-Air
RSB-
Oven
1 1.02 1.91 1.00 1.51 0.87 1.91 0.84 0.97
2 0.98 1.86 0.98 1.47 1.35 1.88 0.83 0.96
3 1.29 1.58 0.83 1.25 1.74 1.58 0.70 0.80
4 1.16 1.85 0.97 1.46 1.74 1.46 0.64 0.74
5 1.61 1.69 0.89 1.34 1.98 1.52 0.67 0.77
6 1.20 1.50 0.78 1.18 1.92 0.99 0.44 0.50
7 1.26 1.40 0.73 1.11 1.97 0.89 0.39 0.45
8 1.39 1.26 0.66 1.00 1.95 0.87 0.38 0.44
14 1.65 1.05 0.55 0.83 2.22 1.37 0.60 0.70
28 1.91 0.78 0.41 0.62 2.26 0.77 0.34 0.39
56 2.20 - - - 2.19 - - -
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6.10 Effect of Unit Thickness on flexural Strength
Figure 6.10 and Table 6.10 indicate the effect of unit thicknesses of large format calcium 
silicate blocks (CaSBI(L) when tested in flexure at 14 days in the B and P-directions. The 
wallettes are as indicated in Figures 3.29 and 3.30 and are either 100, 150 or 240mm 
thick.
Table 6.10: Calcium Silicate Masonry Strengths
Test
No.
Masonry
test
Unit
width
(mm)
Mortar
type
Mean flexural 
strength 
(N/mm*)
Standard
deviation
(N/mm*)
Coefficient 
of Variation 
(%)
Characteristic 
flexural strength 
(N/mm^)
B1-B4, B6 
and B8-B10 BW 150
Dünnbettmôrt 
TRGS 613 0.21 0.04 21.15 0.14
B11, B13- 
B15, B17 
and B20
BW 100 Dünnbettmôrt TRGS 613 0.20 0.02 7.88 0.18
B21, B23, 
B25 -  B26 
and B28 -  
B29
BW 240 Dünnbettmôrt TRGS 613 0.14 0.03 24.80 0.08
P1-P8 PW 150 Dünnbettmôrt TRGS 613 0.39 0.06 16.37 0.29
P9-P16 PW 100 Dünnbettmôrt TRGS 613 0.49 0.14 28.50 0.26
P17-P24 PW 240 Dünnbettmôrt TRGS 613 0.32 0.07 21.84 0.21
In the P-wallette direction, as the units get thicker, so the failure stress reduces. With B- 
wallettes, this trend is not quite so evident. The ultimate flexural stress of the 100 and 
150mm thick walls are 0.2 and 0.21 N/mm^ but this reduces to 0.14 N/mm^ with the 
240mm thick wall. The results indicate that in the B-direction the unit thickness influences 
flexural strength more when the ratio of unit height to thickness is below (unit 
height=600mm/unit thickness=150mm) 4.0, but when this ratio is above 4.0 there is little 
change in flexural strength. Figure 6.10 shows these results diagrammatically. Table 3 of 
BS 5628-1: 2005 [2] includes a thickness effect which should be reflected in these results. 
Table 6.11 examines the orthogonal ratio of the calcium silicate units but also from 
specimens built using the GDC units. All the ratios shown are based on characteristic 
strengths. The CaSBI(L) unit results are taken from programme 6 whilst the GDC units 
come from programme 1, tests 4, 9 and 13.
Table 6.11: Orthogonal strength ratio of Calcium Silicate Units and GDC blocks
Unit
type
Unit
thickness
(mm)
BW
Characteristic 
strength (N/mm^)
PW
Characteristic 
strength (N/mm^)
Orthogonal 
Characteristic 
ratio M
Orthogonal strength ratio BS 
5628-1: 2005 [2] Table 3*^ *
CaSl(L)
100 0.18 0.26 0.69 0.3/0.9 = 0.33
150 0.14 0.29 0.48 0.3/0.9 = 0.33
240 0.08 0.21 0.38 0.3/0.9 = 0.33
GDC 100 0.55<^ ) 0.76 0.72 0.25/0.60 = 0.42
Notes 1. The orthogonal strength ratio determined from the code represents equivalent units built with M l 2 mortar. 
2. Average of 3 characteristic strength values (tests 3, 13, and 9).
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The orthogonal strength ratio of the calcium silicate units decreases as the thickness of 
the walls increases (Table 6.11). On close observation of the results it appears the 
characteristic tensile flexural strength of the specimens in the B direction are more 
affected by thickness than in the P direction which accounts for this. The orthogonal 
strength ratio taken from the code gives a value of 0.33 in all three instances but it should 
be noted that with the CaSBI(L) units this refers to brick sized specimens built with M l2 
mortar as there is no data on large blocks and hence it is impossible to include any 
thickness effect. The orthogonal strength ratios determined using CaSBI(L) units from the 
experimental findings are all larger than this value but when the units are 240mm thick the 
value reduces to 0.38, the closest to that predicted by the code. When the orthogonal 
strength ratio of GDC units is determined using experimental results a value of 0.99 is 
determined which at first sight appears impossible. However, when one realises that the 
mortar is a polymer modified cement mixture, in effect an epoxy glue it is evident that the 
bond between mortar and unit is stronger than the unit modulus of rupture. Hence 
orthogonal strength ratios of 1.0 or possibly over 1.0 may be possible when one considers 
the variability that occurs with masonry. Indeed it is possible that the strength of these 
units in the horizontal direction exceeds the value in the vertical plane, another factor 
which could cause this result.
Figure 6,10: The effect of P and B-wallette thickness on flexural strength
B-wallettes P-wallettes
0.6
0.5
0.4
0.3
0.2
100 150 250 300200
Thickness (m m)
6.11 Comparison between B-wallette and Bond Wrench Results
The bond wrench (BR) is a simple and cheap method of finding the flexural strength of 
masonry whereas the wallette test is cumbersome and expensive. If a reliable relationship 
between the two can be established, the BR will offer a viable alternative to the B-wallette 
test. The B-wallette results from programme 4 tests 20 - 22 were obtained using YDC
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blocks built using the scoop and trowel technique at 7,14 and 28 days with Ardex mortar 
of consistency 1.75:0.70. In programme 5, test 44,couplet specimens built using the same 
units, mortar, mortar consistency and tested at 7, 14 and 28 days were also built. Table
6.12 summaries these results.
Table 6.12: Mean values of B-wallette and bond wrench tests using YDC units
Age B-wallette (BW) Bond wrench (BR) BW/BR
7 0.97 0.91 1.07
14 1.23 0.77 1.60
28 1.50 0.94 1.59
In all instances the B-wallettes were stronger than the BR results. This is somewhat 
surprising as the strength of the B-wallette represents the weakest of several joints, and 
these findings contradict the work of Fried [69].
It is also possible to compare the strength achieved using these two tests with the 
CaSBI(L) units. In programme 6, tests B1-B4, B6, and B8-B10, 150mm wide calcium 
silicate B-wallette specimens achieved a 14 day strength of 0.21 N/mm^, whereas in 
programme 6, tests BR51 -  BR55, 150mm wide calcium silicate units were tested using 
the BR and achieved a 14 day strength of 0.29N/mm^. Hence the B-wallette/ BR ratio is 
0.72, a result which this time reflects the findings of others Fried [69]. This result, 
however, needs to be evaluated with caution as the B-wallettes were built using large 
format specimens (1000 x 625 x 150mm) and the BR specimens using smaller units (250 
X 200 X 150mm). Further, the B-wallettes were built out of doors whereas the BR 
specimens were constructed, cured and tested under laboratory conditions.
6.12 Loads vs. Deformation of Wallettes in Flexure
The load vs. deflection results for a variety of B-wallettes in flexure have been evaluated. 
The procedure used to determine the deflection is shown in section 3.4.5 and associated 
Figures. An examination of Table 6.2 indicates that recordings of the deflection of 
masonry in flexure were taken on specimens included in programme 3, test 27, 
programme 4, test 19 and all specimens from programme 6 constructed using large 
calcium silicate units. Programme 3 and 4 included two different concrete blocks and 
testing was undertaken only on B-wallette specimens. In programme 6, the deflection of 
both B and P-wallettes in flexure was undertaken.
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In addition to the flexure readings, compressive deflection readings of B-wallettes built 
using large format CaSBI(L) units were also recorded. These are the C wallettes from 
programme 6.
6.12.1 Flexural Deflection of Concrete Blockwork B-wallette Specimens
Figure 6.11 is a load vs. deflection graph for 5 YDC B-wallettes, the results being derived 
from programme 3 test 27. Measuring deflection readings in masonry B-wallettes is 
difficult because the material is very brittle and movements are small, so the results 
portrayed in Figure 6.11 (and subsequent figures) need to be viewed with this caveat. In 
these wallettes, load was applied incrementally to the wallette up to failure enabling 
deflection readings to be taken at each increment. If wallette 4 is excluded because it 
contains only 2 points, and wallette 2 is also not included because it differs considerably 
from the other 3 specimens then the following may be deduced. The slope of the load vs. 
deflection curve for the remaining three specimens increases at a decreasing rate 
indicating a softening of the material with increase in load. If the three curves were 
superimposed the gradients would be similar. With wallette 2, there is very little deflection 
between 0.5-1.0 kN but significant deflection from 1.0 + 1.5 kN when failure occurs. The 
reasons for the initial stiffness and subsequent lack of stiffness of this wallette are difficult 
to determine. It should however be remembered that these wallettes were tested at only 3 
days, and failed at below 2kN.
As can be seen from Figure 6.11 all the relationships for the five separate wallettes 
present are presented as linear. There is no linear regression on the curves?
Load vs. displacement relationships for a further 4 YDC wallettes tested in vertical 
bending are shown in Figure 6.12 and Figure 6.13. In these wallette tests, incremental 
loads were again applied but a series of load cycles were designed into the tests enabling 
the effect of repeated loading to be evaluated. Typically loads were incremented at 1.0 kN 
intervals and the maximum load of successive load cycles was 1.0 kN higher than the 
previous so in load cycle 1 deflection readings were taken at 0 and 1 kN, in load cycle 2, 
deflections recorded at 0, 1 and 2 kN and so on. In Figures 6.12 and 6.13 the deflection 
readings shown correspond to deflections at the highest load of each cycle. In some 
cases the final load cycle was unreliable, in that very high deflections resulted (Figure 
5.12) and this has been excluded, or the very high readings have been excluded.
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Figure 6.12 shows all the data for all the wallettes including an exceptionally high 
deflection from wallette 5 but with Figure 6.13 the high reading has been excluded to 
enable better interpretation of the data, and it is therefore Figure 6.13 which is utilised in 
the following discussion. As noted above, the deflections shown in this figure represent 
movement recorded after each cycle. Figures 6.11 and 6.13 are first compared, both 
representing YDC blocks formed into wallettes using Ardex mortar, but in Figure 6.11 the 
wallettes are tested at 3 days whereas in Figure 6.13 the specimens are 28 days old and 
obviously much stronger. Nevertheless the deflection of the older specimens when under 
a load of 2.0 kN (equivalent to the failure load at 3 days) is about 0.07mm or less, which 
broadly agrees with the deflections of the specimens from Figure 6.11 and failed at 3 
days.
The reasonably regular shape of the load vs. deflection curve of wallettes 1, 3, and 5 
broken at 3 days (Figure 6.11), is not, however, evident in the early age behaviour of the 
specimens tested at 28 days. Indeed these older specimens exhibit more erratic 
behaviour (Figure 6.13) up to failure than is evident in their younger partners. Wallettes 2 
and 3 in Figure 6.13 exhibit roughly similar load deflections especially between 4 - 6 kN, 
but wallette 2 is slightly stiffer probably because it was cyclically loaded more times. 
Wallette 4 is again similar to the previous 2 up to a load of 4.0 kN after which the 
deflections are erratic, reducing to zero at 5.0 kN possibly due to torsional effects in the 
specimen. The deflection behaviour of wallette 5 is the most erratic. Generally, it is very 
difficult to measure the strain in a wall, while is subjected to significant variability.
Following graphs (Fig 6.11 -  6.13) -  Linear regression?
Figure 6.11: Load vs. deflection (Pgm. 3 -  Test 27)
2.5
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■^W allette B2 
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Figure 6.12: Load vs. deflection at end of each cycle and including high readings from wallette 5 (Pgm. 4-Test 19).
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Figure 6.13: Load vs. deflection at end of each cycle but excluding high reading from wallette 5 (Pgm. 4 -Test 19).
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In Figure 6.13, wallettes B2 and B3 are more linear in their behaviour than B4 and B5. 
This behaviour was probably the result of torsional forces being generated within the 
specimen leading to entirely different results for two of the wallettes. It is slightly frustrating 
that within a set of 4 wallettes there can be such differences in behaviour. This, however, 
confirms how variable this material is and how difficult it is to measure deflection.
Figure 6.14 -  6.18 also examine the deflection behaviour of wallettes 2 - 5  from 
programme 4, test 19 but the effect of cyclic loading is considered in detail.
Figure 6.14 represents the cyclic loading imposed on wallette 2 from test 19, programme 
4. The load was applied in ten cycles as follows:
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Cycle 1: 0-1 kN {deflection readings taken at 0, IkN} 
Cycle 2: 0-2 kN {deflection readings taken at 0, 1, 2 kN} 
Cycle 3: 0-3 kN {deflection readings taken at 0, 1 
Cycle 4: 0-4 kN {deflection readings taken at 0, 1 
Cycle 5: 0-5 kN {deflection readings taken at 0, 1 
Cycle 6; 0-6 kN {deflection readings taken at 0, 1 
Cycle 7: 0-7 kN {deflection readings taken at 0, 1 
Cycle 8: 0-8 kN {deflection readings taken at 0, 1 
Cycle 9: 0-9 kN {deflection readings taken at 0, 1 
Cycle 10: 0-10 kN {deflection readings taken at 0
2, 3 kN}
2, 3, 4 kN}
2, 3, 4, 5 kN}
2, 3, 4, 5, 6 kN}
2, 3, 4, 5, 6, 7 kN}
2, 3, 4, 5, 6, 7, 8 kN}
2, 3, 4, 5, 6, 7, 8, 9 kN}
1,2, 3, 4, 5, 6, 7, 8, 9, 10 kN}
In cycle 10, the readings were erratic with the wall failing at 10.05 kN precluding further 
cycles. Hence the analysis of this wall under cyclic loading only includes the first nine 
cycles as shown in Figure 6.13, the readings of deflections and more data in Appendix F 
(Table F.2 - F.6).
In interpreting Figure 6.14, firstly load cycles 1-3 will be considered.
These graphs are somewhat erratic. In cycle 1 there is a relatively large deflection value 
at 1.0 kN. In cycle 2, the deflection at 1 kN is less and then appears to reverse up to 
2.0kN and in cycle 3 a high deflection at 1 kN is followed by increasing deflections but at 
decreasing rates indicating an unlikely stiffening of the specimen. The wallette is probably 
bedding in over these cycles but it is possible some debonding of weak zones of the joint 
is occurring in the third cycle. Tonrsional effects could also have an influence. If one 
disregards the high recorded deflections at 1.0 kN of the remaining load cycles, their 
shapes indicate an increase in deflection at an increasing rate up to loads of 5.0 kN after 
which the load deflection curves are nearly linear and this latter behaviour is much more 
as expected.
With Figure 6.14, in the early load cycles, (Load 0-2kN, 0-3kN and 0-4kN) the wallette 
takes increasing loads as deflection increases. This probably relates to the stiffening of 
the material but might be due to torsional effects. Subsequent loadings as plotted on 
Figure 6.14 behaved in two stages; from a load of 0 - about 4kN the curves are 
exponential as noted with the three first cycles but from 4kN they followed a more linear 
trend. On Figure 6.14, the correlation coefficients between load and deflection for each 
load cycle assuming linear behaviour are included and indicate surprisingly good results.
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Figure 6.15 is a comparison between the maximum deflections for each of the nine load 
cycles of wallette 2 from programme 4, test 19 and the measured deflections of the ninth 
cycle. The maximum deflections of each individual load cycle are more erratic than the 
readings from the final loading up to a load of about 5.0 kN after which the readings agree 
closely. In general, this indicates that wallette deflection readings are unreliable and 
somewhat erratic at low loads (below 3.0 kN) due to bedding in effects and the probable 
debonding of local weak areas, but above these values deflection readings become more 
reliable. Nevertheless, the regular load/deflection behaviour of the wallettes in programme 
3 test 27, but failed at 3 days remains difficult to account for.
Figure 6.15 indicates good correlation with values; R^=0.89 for maximum of individual 
load cycles and R^=0.96 for the last load cycle.
Figure 6.14: Effect of cyclic loading on deflection for wallette 2-Flrst 9 load cycles (Pgm. 4 -Test 19).
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Figure 6.15: Comparison between deflection during the last full load cycle and the maximum deflection of
all the previous load cycles for wallette 2 (Pgm. 4-Test 19).
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Figure 6.16 represents the cyclic loading imposed on wallette 3 from test 19 programme 
4. The load was applied in 7 cycles in exactly the same way as the first 7 cycles for 
wallette 2. The trend in Figure 6.16 bears some resemblance to that in Figure 6.14. Firstly, 
deflections at the low load of 1.0 kN are relatively high. Then in the first three load cycles 
up to 3.0 kN, the deflection increases with increasing load but at a reducing rate. The load 
cycles to 4.0 and 5.0 kN follow the trend of the earlier cycles up to 3.0 kN but deflection 
thereafter increases with load at an increasing rate up to 4.0 kN when the 4*^  cycle is 
arrested but with the 5*'^  cycle there is an increase in deflection but at a decreasing rate up 
to 5.0 kN.
The sixth cycle has a similar shape to the previous up to 5.0 kN but over the last 1.0 kN 
deflection increases at a greater rate. The final cycle is more as expected with deflection 
increasing at an increasing rate as load is increased. If one assumes deflection data up to 
1.0 kN are unreliable and zeroes all deflections at 1.0 kN, then the second to sixth load 
cycles are remarkably similar and the seventh one is reasonably close.
If the relationship between deflection and load for all cyclic loadings are modelled as 
linear, the correlation coefficients are as noted in Figure 6.16.
Figure 6.16: Effect of cyclic loading on deflection for wallette 3-First 7 load cycles (Pgm. 4 -Test 19).
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Figure 6.17, is again a plot of load vs. deflection for the 8 load cycles applied to wallette 4 
of programme 4 test 19. The deflections for the last 3 load cycles are very low and 
somewhat erratic when compared to the deflections at these loads for wallettes 2 and 3, 
although the last recorded deflection in the penultimate cycle was higher.
Deflections in the earlier (first three) load cycles were generally much higher although 
irregular. It appears the wallette has stiffened as the load cycles have progressed. The de-
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bonding of local weak areas in the joint could account for the stiffening up of the joint. 
Overall this wallette deflected considerably less than wallettes 2 and 3 and was probably 
the most brittle which obviously accounts for its very low deflections.
Figure 6.17: Effect of cyclic loading on deflection for wallette 4-First 8 load cycles (Pgm. 4 -Test 19).
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Figure 6.18 is also a plot load vs. deflection for the first 8 load cycles applied to wallette 5 
of programme 4, test 19 but at first sight this set of curves appears to be different from 
wallettes 2- 4. There are a number of possible reasons for the behaviour.
Consider the first 5 load cycles but with the fifth cycle only loaded to 4.0 kN. In all these 
load cycles there is bedding in up to 1.0 kN and thereafter the deflection reduces. It is 
probable the wallette was built incorrectly so that when loaded torsional effects would 
result in an increase in the measured deflection. If for example the wallette was bowed 
about an axis parallel to the bed joints and the bulge was towards the loading lines, then 
as the deflection readings were taken on the load side of the supports, it is possible 
negative deflections could apparently result in the early stages of loading. This would 
explain the apparent decrease in deflection from 1- 4 kN in the first 5 load cycles, but with 
the subsequent load cycle the behaviour again changes. It is likely that increasing the load 
from 4- 5 kN in load cycle 5 caused local weaker parts of the joints to fail resulting in the 
wallette becoming stiffer. The stiffening could only occur if that part of the joint remaining 
after the load de-bonding referred to was significantly stronger. Reasons for the 
differences in behaviours of load cycles 6- 8 from the earlier ones are probably as a result 
of this stiffening as weaker parts to the joints de-bonded. See more data of cyclic loading 
in Appendix F Table (F2- F6).
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Figure 6.18: Effect of cyclic loading on deflection for wallette 5-First 8 load cycles (Pgm. 4 -Test 19).
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6.12.2 Flexural Deflection of Calcium Silicate Wallettes
6.12.2.1 B-wallettes
Figure 6.19 shows load versus deflection relationships for B-wallettes, 81 to BIO, but 
excluding B5 which failed in handling. For these 150 mm thick wallettes, loads were 
applied from OkN up to failure in I.OkN increments. Figure 6.20 is a load vs. deflection 
relationship for the 100mm thick B-wallettes constructed using Dünnbettmôrt mortar and 
CaSBI(L) units. Wallettes B11 to B14, B17, BIB and B20 were included. Figure 6.21 is the 
load vs. deflection relationship for 240mm thick walls constructed using CaSBI(L) units 
built using Dünnbettmôrt mortar. Wallettes B21 to B23 and B25 to B30 from programme 6 
are included. Figure 6.22 is a plot of load vs. deflection for two 150mm thick B-wallettes 
built using CaSBI(L) units formed using either Silka (B31) or Ardex mortar (B32).
Figure 6.19 (150mm thick wallettes) indicates that all wallettes show good positive 
correlations and these linear relationships are shown within Figure 6.19. It is clear that 
these result show an increase in deflection with load and that the CaSBI(L) when 
compared with the concrete wallettes are much less erratic.
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Figure 6.19: Load vs. deflection -  B-wallette thickness 150mm (Pgm. 6)
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Figure 6.20 (100mm thick wallettes) again shows the relationship between the load and 
deflection to be almost linear again having good positive correlations, the exception to this 
would be wallette B12, as loading increments were applied and a maximum load of only 
0.95 kN reached. The top of the lower joint failed and although mortar coverage was 
reasonable there were some parts of the joint which had no mortar.
Wallette B13 includes 4 cycles of loading and a linear regression analysis exhibits good 
correlation as shown in Figure 6.20.
Figure 6.20: Load vs. deflection -  B-wallette thickness 100mm (Pgm. 6)
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Figure 6.21 (240mm thick wallettes) show the relationships between the load and 
corresponding deflections to be linear and with correlation. It can be seen on Figure 6.21 
that the lines of best fit have almost similar correlation coefficients, and the gradients are 
not dissimilar.
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Figure 6.19, 6.20 and 6.21 should be looked at as a group to determine the impact of unit 
thickness. Figure 6.20 examines the 100mm thick wallettes which appear to show highest 
variations. With wallette B14 the high deflection up to 0.25 kN is probably due to the 
specimen bedding in but the slope of the load -  deflection graph from 0.25 - 2.OkN is 
similar to the slopes of all the other wallettes except B12. So if wallette B12 
(load/deflection = 0.11) is excluded and bedding in is allowed for, the graphs have 
load/deflection ratios ranging from about 0.4 -1.0 with an average of about 0.67.
An examination of Figure 6.19 (150mm walls) indicates an average load/ deflection ratio 
of about 1.0 with only wall B2 falling significantly below this whilst with the 240mm thick 
walls (Figure 6.21), the average load/ deflection ratio is 1.8 but there is very little scatter. 
These findings can be summarised as follows: thinner walls have greater variability and 
are obviously less stiff.
Figure 6.21: Load vs. deflection -  B-wallette ttiickness 240mm (Pgm. 6)
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Figure 6.22 is a plot of load vs. deflection for 150mm thick B-wallettes constructed using 
CaSBI(L) units but with Ardex and Silka mortars. With the Silka mortar, there is 
considerable bedding in up to I.OkN and if this is discounted, the load/deflection for the 
remainder of the curve is 1.33 indicating a material stiffer than the average of walls built 
using Dünnbettmôrt but having a stiffness comparable to the upper band of these walls 
and an ultimate failure load similar to the Dünnbettmôrt walls.
With wallette B32, constructed using Ardex mortar, the ratio of load/deflection over the full 
load cycle is 1.72, considerably in excess of even the stiffest 150mm wall built using 
Dünnbettmôrt. Good bond across the majority of the width of the joint as opposed to the
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development of poor bond at the edges of the mortar bed with Silka and Dünnbettmôrt 
may account for this increase in stiffness.
Wallettes B31 and B32 both have a good linear relationship in terms of applied load and 
resulting deflection as can be seen in Figure 6.22 and this also leads to the observation 
that although the thickness of the wallette varies from test to test as shown on the different 
graphs from Figures 6.19- 6.21 the relationship between load and deflection remains 
linear and for the majority of cases good positive correlations can be seen whereby most 
points on the graph scatter tightly about the line of best fit and the Revalue is equal to or 
extremely close to 1. More striking though is the fact that the flexural strength using this 
mortar is over three and in one instance eight times the flexural strength when using 
Dünnbettmôrt mortar.
Figure 6.22: Load vs. deflection for B31 and B32 - thickness 150mm (Pgm. 6)
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6.12.2.2 P-wallettes
Figure 6.23 is also a plot of load vs. deflection but for P-wallettes constructed using 
150mm thick calcium silicate units built using Dünnbettmôrt mortar. Wallettes P1-P8 from 
programme 6 are included in the figure. Wallette 2 included limited re-cycling of load. 
Initially and at increments of 1.0 kN, the load was taken up to 2.0 kN. This load was then 
released and a second load cycle, again at 1.0 kN increments was followed up to failure. 
Figure 6.24 is also a plot of load vs. deflection but for 100mm thick P-wallette specimens 
formed by combining CaSBI(L) units using Dünnbettmôrt mortar. Wallettes P9 -  P16 from 
programme 6, are included in the figure. Figure 6.25 shows the load vs. deflection 
relationship for 240 mm thick CaSBI(L) units built using Dünnbettmôrt mortar. Wallettes
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P17 -  P24 from programme 6 are included in the figure. Figure 6.26 comes from tests 
P25 -  P29 in programme 6. The figure includes load vs. deformation graphs for all three 
thicknesses of units built by combining CaSBI(L) units using either Ardex or Silka mortar.
The values should be included in Figure 6.24 if it is in 6.25 and 6.26.
Figure 6.23: Load vs. deflection -  P-wallette thickness 150mm (Pgm. 6)
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Figure 6.24: Load vs. deflection -  P-wallette thickness 100mm (Pgm. 6)
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Figure 6.25: Load vs. deflection -  P-wallette thickness 240mm (Pgm. 6)
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Consider Figures 6.23 -  6.25. All these walls have been loaded in the same way using 
point loads and have the same geometry on elevation so according to elastic theory,
Central deflection, d L  ^
K  I
Where K is a constant,
P is the applied load and 
I is the second moment of area.
Rearranging gives K  =
d l
Now from Figures 6.23 - 6.25 the average ratio of load/deflection can be estimated and 
then by evaluating the second moment of area I of the walls, K can be determined. The 
results are tabulated in Table 6.13, calculation and more details are given in appendix M.
Table 6.13: Calculation of constant K, along with the shear span/effective depth ratio
Wall
thickness
Average
P/d I  (din)
K=P/d X 1/1
(k N /m m ^ )x iO *
Shear span/effective depth
100 0.43 1.042 0.41 7.02
150 1.08 3.516 0.30 4.68
240 1.49 14.400 0.10 2.92
If elastic theory as applied to long beams in bending was applicable then the value of K in 
Table 6.12 would be similar for all three walls, but this is not the case, the thicker wall
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exhibiting a significantly lower value than the value of K for the other two walls. With all 
these walls, if the actual depth is assumed to be the effective depth then the shear span / 
effective depth ratio (Figure 3.32) is as shown on Table 6.13, and clearly the deflection of 
the thicker wall is influenced significantly by shear.
With the 100mm walls whose behaviour is shown in Figure 6.24 the gradient of the load 
vs. deflection graph for all walls except 14 and 15 are similar if one disregards the 
deflection over the final 0.5 kN of loading, when more cracking in the joints will be 
occurring. Walls 14 and 15 were softer. With the 150mm thick walls (Figure 6.23) the 
slope of the load deflection graphs was reasonably similar for all the wallettes between 
loads of 1 - 4 kN. Below 1.0 kN specimens were bedding in and cracking in the joints will 
be occurring at higher loads. Finally, with the 240mm thick walls the slope of the load vs. 
deflection graphs for all the wallettes with two minor exceptions were similar.
These findings indicate that measuring deflections in masonry in a direction parallel to the 
bed joints (i.e. using P-wallettes) produces much more reliable results than when 
deflections are measured normal to the bed joints.
Figure 6.26 examines how different mortars affect the load vs. deflection relationship of P- 
wallettes built using CaSBI(L) units of different thickness. The strength of wallettes built 
using Ardex exceeded that of walls formed with Dünnbettmôrt but Silka mortar was 
equivalent in strength to Dünnbettmôrt. The shape of the load deflection curves, when 
compared over ranges of load common to both specimen types, were broadly similar.
Figure 6.26: Load vs. deflection -P-w allette thickness 10 0 ,15 0  and 240mm
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Over all the graphs from Figures 6.23 -6.25 collectively display similar trends in the data in 
terms of the relationships between applied load and resulting deflection despite the fact 
that there are plenty of differences between the background tests for these graphs. The 
differences include thickness of wallettes.
Figure 6.24 shows wallettes P9- P16, all of which failed through a combination of perpend 
joint and unit. At the last load increment, it appears wallettes 9, 10, 11, 13, 14 and 16 had 
already started to fail prior to the last load increment so the last reading was high (see 
also wallette PI -  Figure 6.23) deviating from linear behaviour.
6.13 Compression Loading of Walls
The compressive strength of calcium silicate masonry built using large format CaSBI(L) 
units into B-wallettes for compression testing was undertaken as shown in Figure 3.37. 
Testing was carried out as described in section 3.4.6 2.2. Table 6.2 summarises the 
findings from these tests. The compressive strength of this masonry has mean values 
ranging from 10.6 -  14.63 N/mm^, testing ages ranging from 16.5 hours to 14 days.
At 14 days the strength only ranged from 13.05 -14.6 N/mm^, and there was no evidence 
of strength change with thickness. A programme to examine early age strength for only 
150mm thick walls again showed no evidence of a trend, indeed specimens tested at 16.5 
hours were stronger than the others tested at greater ages up to 3 days. The coefficient of 
variation generally increased as age increased to 3 days thereafter remaining reasonably 
constant.
This is somewhat surprising when one studies Figure 5.9 Jn which mortar compressive 
strength is plotted against age, the figure clearly showing an increase in strength with age 
albeit at a decreasing rate. The findings shown in Table 6.2, however, clearly indicate little 
change in masonry compressive strength with age from which it may be deduced that the 
compressive strength of thin layer mortar does not influence masonry compressive 
strength. The masonry tested, however, had 3mm thick joints and it is probably this fact, 
rather than the early age at testing and hence low compressive strength of the mortar that 
has resulted in the unchanging values of compressive strength of masonry.
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6.14 Load vs. Deflection of Wallettes Tested in Compressive
Large format CaSBI(L) units built into B-wallettes for compression testing were crushed as 
described in section 3.4.1.13. Demec studs as shown in Figure 3.36 were attached to the 
walls to enable the strain in the specimens to be determined. Figures 6.27 -  6.29 are plots 
of load vs. deflection for walls of various thickness tested at an age of 14 days. Figure 
6.30 includes data for 150 mm thick walls tested at different ages.
6.15 The Impact of Wall Thickness on Compressive Strain
The average ratio of load/deflection for each set of six walls in Figures 6.27 -  6.29 has
been determined as the value of load/deflection at the final load at which deflection
readings were taken and is clearly well within the elastic range of the material (see section 
3.4.1.13). The values are summarised in Table 6.14:
Table 6.14: Average load/deflection readings
Wall thickness (mm) Average load/ deflection (kN/mm)
100 1.56
150 3.06
240 5.03
Two points emerge from Figures 6.27 -  6.29. Firstly, the variability of the 240 mm thick 
walls is the highest that of the 100mm walls is the lowest. Secondly from Table 6.14 the 
thicker the wall the more load is required to produce an equivalent deflection. Intuitively 
one would accept a linear relationship with wall thickness but the ratio of load/deflection 
increase is at a decreasing rate as wall thickness increases.
Figure 6.27: Effect of compressive loading on deflection for B-wallettes of thickness 100mm (Pgm. 6)
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Figure 6.28: Effect of compressive loading on deflection for B-wallettes of thickness 150mm (Pgm. 6)
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Figure 6.29: Effect of compressive loading on deflection for B-wallettes of thickness 240mm (Pgm. 6)
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Figure 6.30: Effect of compressive loading on deflection for early age B-wallettes of thickness 150mm (Pgm. 6)
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Figure 6.30 examines load vs. deflection but at early testing ages for 150mm thick walls. 
The average ratio of load vs. deflection is about 1.57 (kN/mm^), slightly higher then the 
ratio for similar walls tested at 14 days, (Table 6.14) but there is more scatter. There is no 
evidence from this graph to suggest that the ratio of load vs. deflection is related to age.
Figures 6.27 to Figure 6.30 detail the correlation between compressive loading and 
deflection for B-wallettes of thickness 100mm, 150mm and 240mm and include early age 
tests. As can be seen from the results, the relationships are all nearly perfectly linear 
regardless of differences in thickness of wallettes.
6.16 Modulus of Elasticity of Calcium Silicate Masonry
Figure 6.31 -  6.33 are plots of load vs. modulus of elasticity of the Calcium silicate walls 
tested in compression at 14 days age.
Figure 6.31: Load vs. young Modulus B-wallette thickness 100mm (Pgm. 6)
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In all these figures the modulus has been determined as the ratio of stress/ strain at a 
range of loads up to 1000 kN for the 100mm thick walls, 1500 kN for the 150 walls and 
2000 kN with the 240 mm thick specimens. Across all three wall thicknesses two common 
trends emerge. Firstly, as load increased so the modulus reduced but at a decreasing rate 
to such an extent that in some cases it appears further load will result in very limited 
reduction in modulus. The second obvious trend is the variability of the results which is 
In all these figures the modulus has been determined as the ratio of stress/ strain at a 
range of loads up to lOOOkN for the 100mm thick walls, 1500 kN for the 150 walls and 
2000 kN with the 240mm thick specimens. Across all three wall thicknesses two common 
tends emerge. Firstly, as load increased so the modulus reduced but at a decreasing rate
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to such an extent that in some cases it appears further load will result in very limited 
reduction in modulus. The second obvious trend is the variability of the results which is 
considerable but increases as the wall thickness increases. The reduction in modulus with 
increases in load (or stress) would be accounted for by microcracking and other defects 
arising in the masonry as loads increase and is to be expected.
Figure 6.34 is a similar figure in which 150mm thick wallettes have been tested at early 
ages, but no significant differences between these results and those tested at 14 days are 
evident. Average compressive stress of the early age specimens is 12.71 N/mm^ that of 
those tested at 14 days, 13.05 N/mm^ The modulus of the early age wallettes is 4.10 
kN/mm^ that of specimens tested at 14 days, 3.92 kN/mm^ It is evident that neither the 
modulus nor the failure stress is affected by early age testing.
Figure 6.32; Load vs. Young’s Modulus B-wallette thickness 150mm (Pgm. 6)
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Figure 6.33: Load vs. Young’s Modulus B-wallette thickness 240mm (Pgm. 6) 
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Figure 6.34: Load vs. Young’s Modulus B-wallette thickness 150mm (Pgm. 6)
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Figures 6.31-6.34 are plots of Load applied vs. modulus and collectively display similar 
trends in the data in terms of the relationships between applied load and resulting 
modulus despite the fact that there are differences between the tests. These differences 
include thickness of wallettes and mortar used. When an exponential relationship is 
assumed to relate the variables, extremely good correlation exists, the values for being 
mostly equal to or slightly lower than 1.
6.17 Summary of Results -  Masonry
This chapter has presented the experimental results of all the masonry specimens tested. 
Clay, Concrete and Aircrete units have been examined in flexure using bond wrench 
testing, the latter tests being undertaken about both the horizontal and vertical axes of the 
masonry units. There are several further types of thin layer mortar that have been studied.
1. If one assumes designation (i) mortar in BS 5628-1: 2005 [2] [strength class M12], 
represents thin layer mortar then the British Code clearly underestimates the 
characteristic strength when considering thin layer specimens with the possible 
exception of calcium silicate units.
2. For all bond wrench specimens and using mean values, the ratio of 3:28 day 
flexural strength was about 0.72, which was higher than that for 7: 28 day 
strengths, 0.69, but both these values were higher than the 1: 28 day ratio which 
was 0.74 but showed higher variation.
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3. With characteristic values the corresponding ratios of 1: 28, 3: 28 and 7:28 were
0.56, 0.65 and 0.83 indicating rapid early age strength gain.
4. Bond strength is very dependent on the characteristics of the thin layer mortar 
used.
5. Based on the test results undertaken, the mean tensile flexural strength of 
masonry increases with age but at a decreasing rate, with the exception of 
Calcium Silicate (CaSBI(S)) units. With CaSBI(S) units the bond strength hardly 
changes from day 1 -28.
6. In general the tensile flexural strength of clay and concrete bricks joined using 
Ardex X7G Plus were significantly higher than bond achieved using AAC or 
CaSBI(L) blocks. The bond performance of concrete blocks was intermediate 
between the above two trends.
7. The variability of test results was highest in the first 7 days, with the first 3 days 
being the worst.
8. Using the scoop and trowel method of construction produces higher bond than just 
using the Scoop. Further, drier mixes than recommended by the manufacturer 
produce higher bond values but become more difficult to build.
9. Wetting and then draining concrete units prior to building improves bond.
10. In general, exposing masonry to high temperatures reduces bond strength. 
Concrete units are more tolerant to exposure times up to about 7 days than clay 
bricks but for longer exposures both materials suffered equally.
11. Based on the test results from the CaSBI(L) units, the tensile flexural strength at 
failure reduced as unit thickness increased, this trend being more evident in the P 
direction.
12. Based on the results of flexural tests on large format calcium silicate wallettes, the 
orthogonal strength ratio reduced as the unit thickness increased. With grey dense 
concrete units the orthogonal strength ratio exceeded unity.
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13. Accurately recording the deflection of masonry specimens is difficult and the 
results are variable, particularly in the B-wallette specimens.
14. For concrete block wallettes the central deflection was always below 0.5 mm (over 
a span of 600mm) and in most cases under 0.25mm. When tested at 28 days 
these wallettes bedded in up to 1.0 kN load and deflection then increased but at a 
slightly reducing rate. Further, the results were more erratic at lower load. In some 
instances negative deflections were observed probably due to torsional effects in 
the specimens. This indicates the importance of constructing the specimens 
accurately.
15. Calcium silicate B-wallette masonry specimens constructed using Ardex mortar 
resulted in masonry flexural strengths three times in excess of that of the flexural 
strength when the same units were combined using Dünnbettmôrt mortar.
16. Based on the test results from this project, determining masonry deflections about 
an axis normal to the bed joints is more reliable than in the orthogonal direction.
17. Calcium silicate B-wallette masonry specimens uncovered interesting behavioural 
findings when considering the relationship between applied load and 
corresponding deflection, this relationship depends heavily on the bond strength 
and the quality and standards adopted by the labourers during the construction 
phases. This is especially because when making use of thin joint mortar there are 
limitations associated with such material.
18. Calcium silicate wallettes tested in compression showed a near linear load vs. 
deflection ratio up to about 1/3 of the failure load when readings ceased. The 
larger walls exhibited the greatest scatters.
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Chapter 7: Design of Thin Joint Masonry
7.1 Introduction
In the design of laterally loaded thin joint walls there is reasonably sure knowledge of 
designing a safe and, at the same time, economic structure. The strength of material and 
knowledge of the stiffness are among the most important properties, as any deflections 
occurring could cause damage to adjacent structural members. The character as well as 
other factors must be taken into consideration in designing for different loads. The 
masonry walls that are subjected to lateral loading or any horizontal force cannot be 
designed without the flexural bond strengths of the masonry being known. These forces 
are to be applied normal to the face of the wall; an example of such force is wind forces.
When the wallette is subjected to lateral loading such as wind loading, the panel walls are 
seen to behave as a sort of two way spanning plate as is the case with the majority of 
these types of walls. The flexural strength of masonry is much greater in the case where 
the plane of failure occurs perpendicular to the direction of the bed joint as opposed to 
when the failure occurs in a parallel direction to the joint.
This chapter demonstrates the design of Thin Layer Masonry (TLM) over different forms 
of masonry including two clay, one dense concrete, one Aircrete brick, and two concrete 
blocks, using test data obtained from this research on six examples of practical design. 
Table 7.1 shows the tests data subjected to design examples with thin joint masonry.
The potential benefits of TLM and drawbacks/limitations obtained from findings of this 
research and summary of potential benefits of TLM and drawbacks/limitations from 
literature review (Chapter 2) demonstrate awareness over different forms of masonry 
construction. Complete results for this chapter can be found in Appendices I and J.
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Table 7.1 : The six design examples with thin joint masonry generated from experimental test data.
Example
No.
Type of Type of
*B.C.
Dimensions of wallette
masonry
unit
mortar
L(m) h (m) t(mm)
Notes
Grey
Dense
Concrete
Block
A 3.6 2.6 100
Ardex X7G 
Plus Mortar
C 3.6 2.6 100 P and B-wallettes tested in flexure
1 E 3.6 2.6 100 (from Programme. 1, test 9,4)
G 3.6 2.6 100
1 3.6 2.6 100
A 3.6 2.6 100
Yellow
Dense
Concrete
Block
Ardex X7G 
Plus Mortar
C 3.6 2.6 100
Couplets tested in flexure -Bond 
wrench
(from programme 5 , test 44)
2 E 3.6 2.6 100
G 3.6 2.6 100
1 3.6 2.6 100
A 3.6 2.6 102.5
Stack bonded beams tested in flexure
-Bond wrench
(from programme 5 , test 40)
Aircrete C 3.6 2.6 102.5
3 Brick Celfix Mortar E 3.6 2.6 102.5
G 3.6 2.6 102.5
1 3.6 2.6 102.5
A 3.6 2.6 102.5
Red Ardex X7G 
Plus Mortar
C 3.6 2.6 102.5 Stack bonded beams tested in flexure
-Bond wrench
(from programme 5 , test 41)4 Smooth E 3.6 2.6 102.5Clay Brick G 3.6 2.6 102.5
I 3.6 2.6 102.5
A 3.6 2.6 102.5
Stack bonded beams tested in flexure
-Bond wrench
(from programme 5 , test 43)
Concrete
Brick
Ardex X7G 
Plus Mortar
C 3.6 2.6 102.5
5 E 3.6 2.6 102.5
G 3.6 2.6 102.5
1 3.6 2.6 102.5
Red 
Rough 
Clay Brick
A 3.6 2.6 102.5
Stack bonded beams tested in flexure
-Bond wrench
(from programme 5 , test 42)
Ardex X7G 
Plus Mortar
C 3.6 2.6 102.5
6 E 3.6 2.6 102.5
G 3.6 2.6 102.5
1 3.6 2.6 102.5
Note:
* B.C. = Boundary categories accordance to BS 5628-1: 2005 (Table 8) [2] and BS EN 1996-1-1: 2005 (Annex E) [10].
7.2 Examples of Design (1 -  6) in accordance to BS 5628-1: 2005 and BS EN 
1996-1-1: 2005.
All examples of wallettes assumed to be in five support conditions (A, C, E, G and I) in 
accordance with the BS 5628-1: 2005 [2] and BS EN 1996-1-1: 2005 [10] as shown in 
Tables 7.3 -7.8. The test data of example 1 comes from test 9 and test 4 in programme 1, 
in these tests the wallettes tested in bending in two directions B-wallette; when the 
wallettes failed in direction Parallel to bed joints and P-wallettes when the wallettes failed 
in direction Perpendicular to bed joints, characteristic flexural strength was determined 
from tests of these wallettes to use it in this design.
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The test data of examples 2-6 from tests 40-44 in programme 5. Based on British and 
European standards, the characteristic flexural strength obtained from flexural tests of P- 
wallettes is the same as or equivalent to that obtained from bond wrench. Examples 2-6 
used the Characteristic flexural strength when wallette failed in parallel to bed joint 
{ fx k p a r ) ^  experimentally obtained from bond wrench and the ratio of Characteristic
flexural strength when wallette failed in parallel to bed joint: Characteristic flexural 
strength when wallette failed in perpendicular to bed joint [ { f ^ k p a r Y  ifx k p e rp Y l from BS
5628-1: 2005 [2] (Table 3), because there are no test results for P-wallettes undertaken.
The results of example 2-6 in Table 7.3 show the strength of Characteristic wind load (W jJ 
determined from experimental results (tests 40-44 in programme 5) in accordance to BS 
5628-1: 2005 [2] and Table 7.4 shows the strength of (W j^ determined from BS 5628-1: 
2005 [2]. Table 7.5 shows the strength of determined experimentally same as before 
but in accordance to BS EN 1996-1-1: 2005 [10] and Table 7.6 shows the strength of (WjJ 
determined from BS EN 1996-1-1: 2005 [10].
The strength of (W]J of P-wallettes was determined in accordance to BS 5628-1: 2005 [2] 
and determined again using BS EN 1996-1-1: 2005 [10], because there are differences in 
the two codes about { f ^ k p a r )  and { f ^ k p e r p ) \  and finally to enable comparison between
the strength of (WjJ obtained from this project and the values in the codes, comparison 
between the strength of (W]J experimentally and codes is shown in Figure 7.3, Figure 
7.4, and Figure 7.5 (between all results and codes).
This procedure involves a P-wallette designed to resist lateral load (wind load). This 
example using the { f ^ ^ p a r )  obtained from programme 1, test 9 (5B-wallettes tested in
bending -flexural strength in direction parallel to bed joints) and { f^ k p e rp )  from test 4 (5P-
wallettes tested in bending-flexural strength in direction perpendicular to bed joints). The 
results of this example of design are in Table 7.3, the strength of (W jJ in BS 5628-1: 2005 
[2] also determined to enable comparison with the experimental results as shown in Table 
7.4 and Figure 7.3.
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7.2.1 Example 1- Design of thin joint wallettes
Table 7.2A and 7.2B shows the procedure to design thin joint P-wallette in example 1, 
using the results obtained from experimental test data in accordance with BS 5628-1 : 
2005 [2].
Design data obtained from test results
The following data obtained from experimental tests in accordance to British and 
European standards:
Type of block: Grey dense concrete blocks (Dimensions 440 x 215 x 100mm)
Mortar type: Ardex X7G Plus mortar -  assumed in the codes as design (i)
Compressive strength of block: 7.3 N/mm^
f k c p a r  =  0 . 6 6 N / m n f  
f k x p e r p = 0 . 7 6 N / m n ^
Determining (Tpy for a particular wall in four types of support condition 
Design procedure
1. Limiting dimensions in accordance to clause (32.3) BS 5628-1: 2005 [2]
2. Characteristic flexural strength
fk x p a r  About an axis parallel to bed joint determined from test data
fkxperp  About an axis parallel to the perpend joint determined from test data
3. Bending moments (m)
m =  a W k y fL ^  (Formula 13 -  Design Bending moments)
The bending moment coefficient depends on:
(i) Orthogonal ratio
(ii) Aspect ratio (h/L)
(iii) Support conditions
Support conditions-considered in type A, C, E, G and I -  (Table 8) BS 5628-1: 2005 [2]
4. Moment of Resistance of Panel (M )
f
M  = —^  z  (Formula 13 -  Design Bending resistance)
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5. The panel bending in two directions
Z = (Formula 14 -  Section of modulus)
6
yjn =  3.5  (Formula 15 -  Safety of factor)
M > m  (Formula 16 -  Design Bending moments: Design Bending resistance)
Where:
M =  Design moment per unit length 
= Partial safety factor for loads =1.2
h  = Height between horizontal supports 
Of = Bending moment coefficient
Calculation and expression of results
The design bending moment per unit height of the wall is given by the following 
expression for 2 ways panel assumed to crack vertically.
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Table 7.2A: Design of P-wallette panel -  example 1
References Calculations Output
BS 5628-1: 2005 
[2].
Clause 32.2 
Figures 6 and 7
Clause 32.3 
Figure (7.10)
Table 8
Structural use of unreinforced masonry
Assume simple supports at sides and bottom and free edge at 
top, the continuity of the wall over the columns provides simply 
to the vertical edges of each panel.
Panel considered for design:
Free edge
Simple support
A
2.6m
I 3.6m ^
Limiting dimensions:
The panel is supported on three edges with a free top edge and 
simple supports on the two sides and bottom.
Height x length < 1350 t^f and No dimension > 50tef 
tef =100mm, 1350 : 13.50 X 10^ m m ^
e f = 5000 mm
Height X length (2600 X 3600) =9 . 36x  10^ m m ^
Height = 2600mm < SOt^j
Length = 3600mm < SOtgf
The panel considered corresponds to Type A.
The orthogonal ratio (p) is required to obtain a value for the 
bending moment coefficient, since this is dependent on the 
compressive strength of blocks and mortar used, the (|i) is 0.87 
as shown at the end of the calculation.
Limiting
dimensions
are
satisfied
2600
3600
= 0.72
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Table 7.2B: Design of P-wallette panel - example 1
References Calculations Output
Table 8
Clause 32.4.2
Clause 18
Clause 32.4.3
Table 4
(Extra relating to panel type A)
M h/L0.3 0.5 0.75 1.00 1.25
1.00 0.031 0.045 0.059 0.071 0.079
0.90 0.032 0.047 0.061 0.073 0.081
0.80 0.034 0.049 0.064 0.075 0.083
0.70 0.035 0.051 0.066 0.077 0.085
0.60 0.038 0.053 0.069 0.080 0.088
0.50 0.040 0.056 0.073 0.083 0.090
0.40 0.043 0.061 0.077 0.087 0.093
0.35 0.045 0.064 0.080 0.089 0.095
0.30 0.048 0.067 0.082 0.091 0.097
Interpolation (for h / L  =0.72) gives a =0.05 
Consider bending perpendicular to the bed joints.
Design bending moment = [aW  k ï  f  L ^ ) /  metre height.
7/ = 1.2
Note:
‘in the particular case of freestanding walls and laterally loaded wall 
panels, whose removal would in no way affect the stability of the 
remaining structure, (y^ ) applied on the wind load may be taken as 
1.2’
Design bending moment
Design moment of resistance
m =  (0.05x W k X l . 2 x  3.6V 
m= (0.78X Wk)
M =  Z ) > 0 . 7 8 x W k
Z  = --------   = 1.666 X 70 mm /metre height
0 .76x7.666 ,
Design moment of resistance= — --------= 0.42 mm kNm /  metre
height
0.42 ;
Wk ^  -T77Z ^  k N /  m
0 . 7o
Therefore this particular wall can carry a load capacity of 0.56 kN/m^ 
When the same dimensions of wallette in the codes was used it 
gave a result of;
Wk = 0.56 kN/m^
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7.3 Results and discussion
Figure 7.1 draws comparisons between the values of (W ^  in both codes (the strength of 
(Wk) determined from BS 5628-1: 2005 [2] and the strength of (W ^  when determined from 
EN 1996-1-1: 2005 [10]).
Figure 7.2 shows the relationship between support conditions for each type of units on the 
strength of (W/J.
Figures 7.3 and 7.4 illustrate the comparisons between experimental results used in six 
specimens of masonry units, each example determined the strength of (W ^  in five types of 
support conditions, these conditions were selected from BS 5628-1: 2005 [2] (Type A, C, 
E, G and I), to display a value for (W/J from experimental tests and the (W V value using 
BS 5628-1: 2005 [2] and BS EN 1996-1-1: 2005 [10].
Example 2 was obtained from test 44, example 3 made use of the test data obtained from 
test 40, example 4 used the test data obtained from test 41, example 5 used the test data 
obtained from test 43, all test from programme 5.
In examples 2 to 6, (W ^  was determined using test data of Bond wrench as this test gives 
the same characteristic flexural strength as would be obtained for the B-wallette and the 
characteristic flexural strength of the P-wallette was determined from the ratio of 
characteristic flexural of B-wallette to the ratio of characteristic flexural strength for each 
material in accordance to BS 5628-1: 2005 (Table 3) [2].
Example 2, the support condition type A the { f ^ x p a r )  determined from test data and
( fk x p e rp  ) determined using the ratio between ( f k x p a r ) ^ ^ ^ ^  data and from
the values in the code.
Design thin joint masonry using 6 types of units and two types of thin joint mortars as 
shown in example 1-6 and then compared with British and European standards (BS 5628- 
1: 2005 [2] and BS EN 1996-1-1: 2005 [10]) gave significant results.
The strength of (W V at all cases of support conditions higher than the value assumed in 
BS 5628-1: 2005 [2] and BS EN 1996-1-1: 2005 [10]. The Figure 1 .2 -1 .5  demonstrated 
the capacity of flexural strength (W V  in all type of wallettes as well as in six types of 
support conditions.
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7.3.1 Summary of design thin joint masonry -  Example 1-6
1. The strength of (W V  determined from experimental test results is in the bare 
minimum case double or more than that corresponding value determined from 
code data.
2. When determining the strength of (W/J in accordance with the BS 5628-1: 2005 [2] 
it is done using a different value to when using BS EN 1996-1-1: 2005 [10].
3. The comparison between experiment test results of (W V was determined from the 
codes in example 1-6 depends on the following factors:
• Unit type
• Mortar type
• Support conditions
• Choice of code adopted in design
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Notes
Boundary categories (B.C.): Accordance to BS 5628-1: 2005 [2] (Table 8).
A simply supported bottom and sides, free top
C simply supported bottom, free top, built-in sides
E all sides simply supported
G simply supported top and bottom, built-in sides
1 all sides built-in
L Length of wall
h Height of wall
t wall thickness
Asp. Ratio H /L
P Orthogonal strength ratio = fkx par / fkx perp
Z Section modulus
M Design moment of resistance of the panel
m Design bending moment
Wk Max wind load which can be resisted
a Moment coefficient
f f k x  par The characteristic flexural strength parallel to bed joints
f k x  perp The characteristic flexural strength perpendicular to bed joints
* used B and P-wallettes built using thin joint mortar
** Used Bond wrench built using thin joint mortar (assumed as wallette because there are no results available.
Figure 7.1 : Comparison between British and European standards (the strength of (W/J determined from
BS 5628-1: 2005 [2] and BS EN 1996-1-1: 2005 [10] using characteristic strength value.
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Figure 7.2: The relationship between strength of and support conditions
a  Type A □  Type  C □  Type  E 0  Type  G
GDC/Ardex YDC/Ardex AAC/Celfix RSB/Ardex CB/Ardex
Unit / Mortar type
Type I
RRB/Ardex
Figure 7.3: Comparison between the strength of ffV/J determined from BS 5628-1: 2005 [2] and (WfJ
determined from test results
m Wk-Experimentally accordance with BS 5628-1: 2005  
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Figure 7.4: Comparison between the strength of (W/J determined from test results and the strength of
determined from BS EN 1996-1-1: 2005 [10]
E3 Wk-Experimentally accordance with BS EN 1996-1-1: 2005 Wk-BS EN 1996-1-1: 2005
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Figure 7.5: The strength of (W/J experimentally vs. (W/J determined from 8 8  5628-1: 2005 [2] and 1996-1-1: 
2005 [10] - (Wallettes subjected to lateral load and supported in 6 types conditions).
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7.4 Current Study with the Development of Construction
The development of thin joint technology, with 2 to 3mm mortar joints has been slow to 
take off in the UK; using thin joint masonry to form Aircrete block walls in the UK is well 
established. However unlike in Europe, the extension of this type of construction to 
include brick or dense concrete block walls has been observed.
Fudge in 2000 [53] commented that the thin joint technology has been slow to take off in 
the UK although it is anticipated that more future use will occur if construction speed is 
seen to be the driving factor and experience outside the UK indicates using thin joints to 
be advantageous. In the Netherlands and Belgium, masonry built using thin layer mortar 
is used more frequently
Aircrete blockwork is used within the UK and has reached Europe yielding excellent 
results. In order to extend this type of construction to include the use of bricks and dense 
concrete blocks to other areas around the world, this technique may extend the use to 
areas such as the Middle Eastern countries, where higher temperatures are expected.
The need of the construction industry to be more environmentally friendly and sustainable 
is becoming increasingly evident and necessary to the property of the sector.
This research examines the historical developments of thin joint masonry analysis and 
design in the last five decades. Hence, the review begins by considering the factors that 
influence strength properties of thin joint masonry walls when subjected to lateral and 
vertical load that can be classified as static. It is a rather new practise to use thin layer 
mortar in the construction of masonry walls, however its use has spread at an increasing 
rate across Europe and this has been mainly because of its improved performance [16]. 
This advantageous point proved beneficial to the masons and bricklayers since it meant a 
big improvement in the labour conditions along with the ease of use of the mortar scoop 
or sledge, the scoop is used to deliver thin layer mortar to brickwork.
It has been indicated through recent research that by using thin glue mortar joints in brick 
and dense concrete block masonry, a significant improvement can be observed 
concerning the tensile, flexural and compressive strength of the composite, which if 
sufficiently strong may enable préfabrication. Thermal and acoustic properties can also be 
enhanced but practical issues need to be given further consideration.
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The significance of this research to the masonry area is directly linked to thin joint 
masonry, which has evidently affected construction practises; this is mainly due to the 
material properties of the masonry.
Thin joint masonry has seemingly entered a phase of rigorous improvement both as a 
construction material as well as allowing improvement in the construction industry in 
general. It is from the material properties of the masonry that stem advantages associated 
with factors such as strength of material, construction techniques, economic factors etc. 
making it a very much relevant construction material at such a time where demands are 
increasing and the challenge to be met has been noticeable over the years as the 
emergence of new materials or techniques have been observed. In spite of this, thin joint 
masonry seems to have met most of the expectations of such demands in such a manner 
which has lead to its slow but steady spread throughout UK and parts of Europe along 
with relevant researches such as this one. These aim to further spread the somewhat 
unknown outcomes of using such material and utilising the new and current ‘state of the 
art’ technologies.
7.5 The Advantages and Disadvantages of Thin Joint Masonry from 
current experimental results
This section summarises the advantages and drawbacks/limitations of thin joint masonry 
obtained from this research. Common advantages and drawbacks/limitations were 
previously discussed and summarised in chapter two. However similar advantages to 
those in chapter two were observed in this research. Furthermore this research has 
discovered new positive and negative characteristics of thin joint masonry through 
experiments and investigations.
The following factors; Material Properties, rate of strength gain, increased tensile flexural 
capacity, increased compressive strength, improved thermal performance, improved air 
tightness, improved sound performance are all collectively the key points governing 
current research. These areas are precisely where improvements are sought to be made 
to the rest of the materials as currently evidently by the test results dense concrete 
brickwork seems to be fairing the best. Thin joint masonry will be excellent to use in both 
the cold and hot parts of the world in particular the Middle East; this region is usually hot 
in the summer and cold in the winter.
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In the less developed countries of the Middle East mortar is only laid horizontally on the 
bed surfaces of units, in order to reduce cost and time, however this weakens the building 
as the mortar most be applied vertically as well as horizontally to achieve optimum 
strength. On the other hand, construction speed is quite slow with the traditional mortar. 
Therefore thin layer mortar will be quite advantageous in this region, as it allows more 
rapid construction in addition to the other advantages. Discussion in this thesis 
demonstrates enhanced strength and workability.
7.6 Drawbacks and Disadvantages of Thin Joint Masonry
1. Thin layer mortar requires special tools for example a pump or whisk drill as well 
as scoops and sledges of differing sizes.
2. The problem is that if the mortar squeezes onto the brick face, it is very difficult to 
clean off and leaves unacceptable stains.
3. Thin layer mortar also requires widespread recognition and a deeper 
understanding in the construction industry in order that it may be used on a 
broader scale. It also requires the labourers to fully understand its scope of 
application and properties before it is to be introduced as a common building 
material.
4. Thin layer mortar is more expensive than traditional mortar but has the advantage 
that its performance is best with joints of 3 mm or less.
5. Achieving these aims and objectives involves significant economical factors and at 
present the system cannot be described as low budget. This disadvantage, 
however, needs to be further considered. Firstly the cost of thin layer mortar is 
likely to reduce as more of the product is used. Secondly, the benefits to masonry 
of improved bond and durability need to be considered.
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7.7 Conclusions
Design of wallettes made of brick or blocks bonded with thin layer mortar and assumed on 
5 type of supports gives a value of lateral capacity significantly higher than traditional 
masonry, when comparing (TV^ ) values with both codes BS 5628-1: 2005 [2] and BS EN 
1996-1-1: 2005 [10].
When using test data from test 9 and test 4 in programme 1 to design P-wallettes made of 
GDC blocks and Ardex X7G Plus mortar and assumed in 5 types of support conditions, 
the (W/^ varied with each case of supports condition. The lower (Wj^ value was 0.55 
kN/mm^ whereby the higher value was 444kN/mm^.
Using both codes in order to compare the value of (%), BS 5628-1: 2005 [2] and BS EN 
1996-1-1: 2005 [10] because there are differences in values between them, therefore it 
appears more feasible to make use of both codes in order to compare the results and 
because BS 5628-1: 2005 [2] has been withdrawn in March 2010.
7.8 Recommendations
The recommendations in Table 3 of BS 5628-1: 2005 [2] and clause 3.6.3 of EN 
1996-1-1: 2005 [10] gives different values for designation (i) about the thin joint 
mortar to determine characteristic flexural strength of masonry wallettes. This 
research recommends the use of a unified and universal design code.
Designation (i) in BS 5628-1: 2005 [2] and clause 3.6.3 of BS EN 1996-1-1: 2005
[10] must be changed and enhanced, in order to improve and promote the use of 
thin layer masonry as it is currently limited in the recommendation regarding thin 
joint mortar. This leads to the point that thin joint masonry should have its own 
designation in the code. Construction with this new technique versus the 
performance of experimental investigations and study of the codes needs to be 
expended and clarified to include new values regarding thin joint masonry.
This research recommends that; the advantages and drawbacks/limitations be 
summarised and highlighted, as they are the core findings from previous 
researchers and companies in addition to findings of this research.
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Chapter 8: Comparison with British and European 
Standards
8.1 Introduction
At the time of writing this thesis, the UK has no specific standard relating to the use and 
testing of thin joint brickwork or dense concrete blockwork using glue mortar and only 
limited guidance exists in BS 5628-1; 2005 [2], This code is now withdrawn but still widely 
used in the U K so still forms the basis for design in this country. If thin joint masonry 
usage in the UK is to expand new design guidance is required. In addition to the codified 
guidance, promotional and informal design guidance would be necessary. All the findings 
from this Chapter are included in Appendix H).
8.3 Flexural Strength of Masonry -  Code Discussion
Flexural strengths for clay, concrete, Aircrete and calcium silicate units are specified in BS 
EN 1996-1-1: 2005 [10] the values being separated into unit and mortar type.
Tables 8.1 -  8.4 summarise the findings. Table 8.1 compares the characteristic strength 
of the GDC and YDC concrete units using standard wallettes. Table 8.2 is a similar 
comparison but for the large format calcium silicate blocks. Table 8.3 considers the 
characteristic flexural strength obtained using the bond wrench for a range of brick units 
and compares these to the characteristic values recommended in the codes; whilst Table
8.4 compares 150 mm wide calcium silicate units tested using a bond wrench with the 
code values.
Tables 8.1 -  8.4 (These table should be read with Table 6.2) show there is a noticeable 
effect due to the variety of factors on the properties of masonry. It can be seen that the 
results are extremely varied and include very high values of flexural strength.
For each type of thin layer masonry considered, the characteristic flexural strength 
obtained was in most cases higher than the values provided by the codes as shown in 
Tables 8.1, 8.3 and 8.4. With the calcium Silicate units (Table 8.2) the test results were 
lower than those from the code. This indicates that under the many conditions examined 
in this programme, the codes are conservative for assessing characteristic flexural
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strength and using experimental findings may be more reliable at this stage. In the future 
adjustments will obviously need to be made to the codes to include thin layer masonry. 
Further, it is observed that much higher characteristic flexural strengths exist at early ages 
of specimens built using thin layer mortar which needs to be balanced against the 
characteristic values from the code (Tables 1 and 2 in clause 3.6.3 in BS EN 1996-1-1: 
2005 [10] and Table 3, BS 5628-1: 2005 [2]) which are based on the 28 day strength.
8.3.1 Dense concrete blocks
Characteristic strengths in the parallel and perpendicular directions are given in the code. 
Using Grey and Yellow dense concrete blocks with Ardex X7G Plus mortar and 
determining characteristic strength in accordance with BS EN 1052-2: 1999 [66], test 
results show that significant gains to the tensile flexural strength can be achieved when 
thin layer mortar technology in conjunction with solid dense concrete blocks is employed 
as shown in Figure 8.2. Four tests (highlighted in the table) showed characteristic 
strengths lower than predicted in the code. These values are low and varied because 
some of the specimens (test 3) were built incorrectly resulting in weak bond, as shown in 
Figure 8.1A, B and C.
Programme 1 test 7 used more water in the mix during building to investigate effect of 
consistency of mortar on tensile flexural strength, as described in chapters 5 and 6. Thus 
the high mortar: water ratio of 1.75: 1.50 accounts for this low result.
The characteristic flexural strength obtained from the remaining 5 BW tests in programme 
1 all used the mortar mix from the manufacturer, which had a ratio of 1.75:1 (mortar: water 
by volume). The results from these 5 specimens are all high. No characteristic flexural 
strength was determined for test number 1, because there is only one sample wallette for 
testing at an age of five days. Tests 1, 13 and 9 were all built using the manufacturer’s 
mortar mix designation as well as being constructed using the scoop only method. Test 5 
had two variables affecting the final result, firstly construction method, and secondly age. 
These wallettes were tested at 28 days. Test 11 had a lower mortar: water ratio.
Test number 10 involved dampening the units prior to testing and this wetting of the units 
obviously affected the tensile flexural strength of the specimen. Tests 2 and 4 for the P- 
wallette had only one variable and this was due to the type of masonry used. Programme 
2, tests 17, 12 and 18 had different mortar to water mix ratios. Otherwise the specimens 
were identical, and consisted of the same material and were tested at the same age.
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Programme 3, tests 26 to 31 are identical except for the age at testing and that test 27 
had flexural readings recorded. Programme 4, test 19 to 22 make use of the same 
material specimen as well as construction method and mortar mix ratio, however the age 
can be seen to differ for each specimen. Tests 23 to 25 have the same variables as tests 
19 to 22 in this programme but are made of a different unit and again tested at a range of 
ages.
Figure 8.1: (A) Wallettes with strong thin joint, (B and C) wallettes with weak joints
g
Figure 8.2: Comparison between characteristic flexural strength of P and B-wallettes experimentally and 
codes for both types of dense concrete blocks (GDC and YDC) /  Ardex mortar (Pgm. 1-4).
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8.3.2 Calcium Silicate Blocks
8.3.2.1 Flexural Strength Testing of Wallettes
Flexural strengths for calcium silicate units specified in BS EN 1996-1-1: 2005 [10] are 
used to compare with the characteristic strength of the test results as determined using 
BS EN 1052-2: 1999 [66]. Comparisons are separated into mortar types.
Dünnbettmôrt thin layer mortar TRGS 613. Characteristic strengths in the parallel and 
perpendicular directions of 0.20 N/mm^ and 0.30 N/mm^ are given in BS EN 1996-1-1: 
2005 [10]. Using Dünnbettmôrt and determining characteristic strength in accordance with 
the code procedures [10] resulted in the test results being below the code values in all 
cases as shown in Table 8.2 and Figure 8.3. There are a number of reasons that may 
explain this result.
1. The specimens were constructed outdoors and subject to weather changes.
2. The weather was extremely hot and dry during most of the construction phase, a 
situation which would not be beneficial to tensile flexural strength development.
3. Close covering of the specimens to promote curing was very difficult despite efforts 
being made on several occasions.
Silka mortar has only a single specimen built using this mortar type. Nevertheless, the 
values obtained were consistently better than when Dünnbettmôrt was used in the 
perpendicular direction and the result in the parallel direction was equivalent to that 
obtained with Dünnbettmôrt. All failures were through mortar joints.
With Ardex X7G Plus, three wallettes were constructed using this material, one broken in 
the parallel direction and the remaining two being failed in the perpendicular direction. All 
three results were nearly equal suggesting that a material as opposed to a de-bonding 
failure occurred. The P-wallettes failed with a vertical crack partly through the mortar and 
partly through the unit, which supports this hypothesis.
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Figure 8.3; Comparison between experimental characteristic flexural strength of P and B-wallettes and code
values for calcium silicate block wallettes (Pgm. 6).
Expen mental results 
H EN 1996-1-1:2005
B1-B4, B6, B8, 89 &B10 B11, B13, B14, B15, B17, B21, B23, B25, B26, B28 P9 - P16 (unit width - 
(unit width -  150mm) B20 (unit width -  100mm) & B29 (unit width -  100mm)
240mm)
Test No.
PI- P8 (unit width - 
150mm)
PI 7 - P24 (unit width- 
240mm)
8.3.2.2 Bond wrench of Calcium silicate blocks -  Comparisons with 
European Codes.
Test numbers 1 - 70 (Table 6.2) have the following differing variables: type of test 
implemented, type of mortar used and the age of specimens.
Direct comparisons with either the European or British codes are not possible. However, 
the bond wrench determines the tensile flexural strength of masonry and as such the right 
hand column in Table 8.4 could be compared with the value of 0.2N/mm^ given in the first 
table in Clause 3.6.3 in BS EN 1996-1-1; 2005 [10], which specifies the flexural strength of 
masonry determined using wallette values. For Dünnbettmôrt thin layer mortar TRGS 
613, from 4 days all specimens exceeded the code values. Specimens tested at 24 hours 
were also in excess of the code requirement. At 14 days specimens made using the 
Ardex X7G Plus and Silka mortar were both well in excess of the code requirement. See 
Figure 8.9.
8.4 Masonry Brick sized Units
The recommendations from the European code for characteristic flexural strength about 
an axis parallel to the bed joints are only 0.15N/mm^ for clay bricks and may need to be 
revised. A similar trend was noted for the Aircrete bricks, but with test results exceeding 
code values by 2.5 times. The recommendations from the European code are only 0.20
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N/mm^ and again may need to be revised. A similar trend was noted for the concrete 
bricks, but with test results exceeding code values by up to 7.4 times.
With the RSB and RRB clay units the characteristic bond strength of thin layer mortar as 
recommended by the British code BS 5628-1; 2005 [2] and the NA to EN 1996-1-1: 2005 
[44] was 0.7 and 0.4 N/mm^ but test results gave values at 28 days of 1.10 and 2.21 
N/mm^ respectively. The results were 1.6 and 5.5 times the recommendations from the 
UK. Using the European code for the two units, the results are 7.3 and 14.7 times the test 
values for Red smooth bricks and Red rough bricks respectively.
Table 8.3 and Figures 8.4 - 8.7 show the characteristic flexural strength determined from 
test results for bricks (AAC, RSB, RRB and CB) being higher than the characteristic 
flexural strength in BS 5628-1: 2005 [2] and BS EN 1996-1-1: 2005 [10].
In Programme 5, test 40, it can be observed from Table 8.3 that the ages are different, 
however the mortar to water ratios are equivalent and the same applies to the type of 
material used in the testing. Programme 5, tests 40 -  44 had the following variables, most 
importantly the period over which the specimen was air treated, as well as this, other 
variables included unit type, mortar type, mortar mix, masonry type (wallette or bond 
wrench) and age.
Figure 8.4: Comparison between characteristic flexural strength of stack bonded beams experimentally and 
codes for Aircrete brick/ Celfix mortar (Pgm. 5, Test 40).
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Figure 8.5: Comparison between characteristic flexural strength of stack bonded beams experimentally and 
codes for red smooth brick/ Ardex mortar (Pgm. 5, Test 41).
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Figure 8.6: Comparison between characteristic flexural strength of stack bonded beams experimentally and 
codes for red rough brick/ Ardex mortar (Pgm. 5, Test 42).
2.5
2 -
“  1.5
0.5
■ Experimental results
□ EN 1996-1-1:2005
□ BS 5628-1:2005
k
Age days
28
Jabbar Ali 241
Chapter 8: Comparison with British and European Standards
UNIVERSITY OF
SURREY
Figure 8.7: Comparison between characteristic flexural strength of stack bonded beams experimentally and 
codes for concrete brick/ Ardex mortar (Pgm. 5, Test 43).
Experimental results 
EN 1996-1-1:2005 
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Age days
Figure 8.8: Comparison between characteristic flexural strength of couplets experimentally and codes for 
Yellow dense concrete blocks / Ardex mortar (Pgm. 5, Test 44).
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Figure 8.9: Comparison between characteristic flexural strength of couplets experimentally and codes for 
CaSBI(S)/ Dünnbettmôrt mortar (Pgm. 6, Test 1-70).
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8.5 Compressive strength
8.5.1 B-Wallette Calcium Silicate Blocks
Table 8.10 and Figure 8.10 examine the compressive strength of masonry. Comparisons 
are made with BS EN 1996-1-1: 2005 [10]. Compressive strength estimated from code 
values was higher than test findings in all cases as shown in Table 8.5 and Figure 8.10.
C1-C30 had different types of tests, all being in compression testing, whereby the 
variable factor between the tests was the units’ thicknesses and age of the specimens 
as well as the type of mortar.
Figure 8.10: Comparison between characteristic compressive strength of B-wallettes experimentally and 
codes for CaSBI (L)/ Dünnbettmôrt mortar (Pgm. 6, Test C l -33).
Expenmental results 
H EN 1996-1-1:2005
16.5-19.5 hrs
Age days
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8.6 Summary
The summary to compare between test data and codes is separated, based on unit and
mortar type.
Dense concrete blocks in flexure using wallettes
• Comparison with test results made using the European Standard BS EN 1996-1-1: 
2005 [10] in which solid dense concrete block units and thin layer mortar are 
included. Flexural strength determined from test results in most cases were double 
or more than flexural strengths estimated from design code values.
• Characteristic flexural strength obtained from experimental test results in 
programmes 1-4 indicated that there is a strong relationship and significant 
influences between factors studied in this research and flexural strength of 
masonry when built using dense concrete blocks and thin joint mortar (using Ardex 
X7G Plus).
• The characteristic flexural strength of specimens tested at all ages were, in 
general, higher than those in both codes: BS 5628-1: 2005 [2] and BS EN 1996-1- 
1:2005 [10].
All brick units in flexure using bond wrench
Comparison with test results made using the European Standard EM 1996-1-1; 
2005 [10] in which brick units and thin layer mortar are included. Flexural strength 
determined from test results was similar to the concrete block results in most 
cases for all types of units i.e. the flexural strengths were higher than flexural 
strengths estimated from code values.
Results from programme 5 tests 40-43 indicated that there is a strong relationship 
but with significant influences from the external factors examined in this research 
when the flexural strength of tested masonry is compared to code values. In al 
instances except one test results exceeded code predictions by up to 10 times.
The characteristic flexural strength of specimens tested at all ages same as with 
concrete blocks were, in general, higher than those in both codes: BS 5628-1 : 
2005 [2] and BS EN 1996-1-1: 2005 [10].
#
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Calcium silicate units in flexure using wallettes
• Comparisons with test results were made using the EN 1996 -1-1: 2005 [10] in
which the characteristic flexural strength of specimens built with calcium silicate 
units and thin layer mortar is specified. Flexural strengths specified in the code 
were higher than the characteristic flexural strength of tested sets of specimens 
determined in accordance with BS EN 1052-2: 1999 [66] in all instances when 
calcium silicate units were formed into masonry using Dünnbettmôrt thin layer 
mortar TRGS 613.
• Flexural strengths determined from specimens constructed using calcium silicate 
units and Ardex X7G Plus thin layer mortar were high compared to those where 
Dünnbettmôrt thin layer mortar TRGS 613 was used.
• Silka mortar produced better results than Dünnbettmôrt thin layer mortar TRGS
613 in the perpendicular direction but was no better when tested parallel to the
bed joints.
With Dünnbettmôrt thin layer mortar TRGS 613 combined with large format 
calcium silicate units, the results from this testing programme generally indicated 
that ultimate failure stress reduces as the unit thickness increases.
Calcium silicate units in flexure using bond wrench
• The characteristic strength of all bond wrench specimens tested at 4 days 
exceeded the values specified in BS EN 1052-2: 1999 [66].
• The characteristic strength of the bond wrench specimens at age 14 days 
constructed using Dünnbettmôrt thin layer mortar TRGS 613, Ardex X7G Plus and 
Silka mortar, exceeded the values specified in the code by 35% (45% at 28 days), 
45% and 90% respectively.
Calcium silicate units in compression using B-wallettes
• Comparisons with test results are made using the European Standard EN 1996-1- 
1; 2005 [10] in which calcium silicate units and thin layer mortar are included. This 
is undertaken using equation (3.3) taken from section 3.6.1.2(2). Block strengths 
determined from test results carried out in this test programme (see section 5)
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were used and combined with 14 day mortar strengths associated with the 
specimens. Compressive strengths estimated from code values were higher than 
test findings in all cases.
Results from the experimental test results indicate that there is no loss of strength 
if specimens are loaded from as early as 1 day old, when compared to those 
loaded at 14 days.
The coefficients of variation of specimens tested at early ages were, in general, 
lower or equal to those tested at 14 days.
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Chapter 9: Conclusions, Recommendations and 
Suggestions for Further Research
9.1 Introduction
The design and analysis of masonry materials using thin joint masonry including the 
properties and factors affecting these properties are described in this thesis. The strength 
characteristics of Couplets, Stack bonded beams and B-wallettes subjected to bending 
and compression have been investigated from which properties have been derived. The 
load-deflection response was investigated and used to study the material behaviour in 
flexure and compression.
In this chapter the final conclusions, recommendations and suggestions for further 
research are presented.
9.2 Conclusions
Conclusions have been split into 2 main sections which give the conceptual findings and 
analytical findings.
9.2.1 Conceptual Findings
1. The experimental test results have added significantly to the knowledge 
concerning the tensile flexural strength of masonry when thin layer mortar 
technology is used in conjunction with three clay, one dense concrete and one 
Aircrete brick and two concrete blocks.
2. The lateral load capacity of experimental wall panels made using thin joint mortar 
were found to be at least double that predicted using code properties and should 
give designers confidence in the material.
3. Thin joint mortar workability is a function of the type of test. The Flow table is 
more reliable with dryer mixes while plunger penetration and dropping ball tests 
differentiate between wetter mixes, better.
4. Producing different thin layer mortars in accordance with the manufacturer’s 
instruction does not produce materials with the same workability.
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5. Reducing mortar workability increases the direct tensile and compressive strength 
and to a lesser extent the flexural strength of the mortar but makes its use more 
difficult.
6. The tensile flexural strength of masonry bonded using polymer modified mortars 
depends very much on the specific properties of the mortar.
7. Applying thin layer mortar to both units in a joint and forming the bond between the 
two mortar beds produces better bond than if the mortar is applied to 1 unit and 
the second unit in the joint is bonded directly to this mortar as is usual.
8. When measuring deflections in thin layer masonry under flexural loads, more 
reliable results are obtained when the results are determined about an axis normal 
to the bed joints than in the orthogonal direction.
9.2.2 Analytical Findings
1. If as suggested in BS 5628-1: 2005 [2], designation (i) mortar (M12) represents 
thin layer mortar, the code significantly underestimates the flexural capacity of 
masonry built using concrete blocks, clay bricks and Aircrete units bonded using 
polymer modified materials.
2. Again, if as suggested in BS 5628-1: 2005 [2], designation (i) mortar (M12) 
represents thin layer mortar, the code does not underestimate the flexural capacity 
of calcium silicate masonry built using polymer modified mortar.
3. A wide range in the tolerance of the manufactured units was observed ranging 
from 1-6 mm, concrete bricks and blocks having better tolerances than clay bricks.
4. With calcium silicate units compressive strengths were as expected with one 
notable exception. Those calcium silicate specimens first tested in flexure and 
then crushed in compression were about 0.2 of the strength of specimens only 
tested in compression. This should be avoided.
5. When determining the unit modulus of rupture of 440mm long block units, there is 
no benefit in building longer beams by gluing blocks together with superglue so
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producing higher span/effective depths, than to testing a single block. Both 
specimens give the same values of flexural strength.
6. In this testing programme and using mortars produced in accordance with the 
manufacturer’s instructions, the workability of the four mortars tested was ranked 
from the most to the least workable as follows; Silka, Dünnbettmôrt, Celfix and 
finally Ardex.
7. The compressive strength of mortar increases with age but at a decreasing rate 
and in general the 7 days strength was about 2/3 of the 28 day value. 
Furthermore, 1 day strength exceeds 2.0 N/mm^ and 3 day capacities were over 
3.77 N/mm^.
8. The tensile flexural and direct tensile strengths also both increased with age but at 
decreasing rates. For flexural strengths, the 28 day values for all mortars 
exceeded 2.8 N/mm^ The Ardex and Celfix mortars had 1, 3 and 7 day strengths 
mostly above 1.9 N/mm^ and in some instances considerably above this value. 
With the Dünnbettmôrt mortar considerable variation occurred during the early 
ages. For the direct tensile specimens, values were about half those of the 
flexurally failed beam prisms.
9. The compressive strength of thin layer mortar tested using 100mm cubes or small 
prism ends were similar, but a slight advantage occurred at higher strengths when 
prism ends were used.
10. The tensile flexural strength of thin layer masonry increased with age but at a 
decreasing rate for all unit types except the calcium silicate blocks. With these 
units the bond hardly changed from day 1.
11. Masonry built using Ardex mortar produced the highest tensile flexural strength in 
any of the masonry produced.
12. The characteristic bond strength of various units built in accordance with BS EN 
1052-1: 1999 [68] and using polymer modified mortars when compared to the 
values recommended in the UK National Annex to the Eurocode and those values 
given in EN 1996-1-1: 2005 [10] was :
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a. 2.7 times for concrete blocks
b. 1.6 and 2.9 for brick units
c. 0.4 -  1.45 for calcium silicate units
13. When calcium silicate units were formed into masonry using Dünnbettmôrt thin 
layer mortar TRGS 613, flexural strengths were lower than when Ardex X7G Plus 
or Silka mortar was used.
14. Flexural strength results varied considerably over the first 7 days.
15. In general exposing thin layer masonry to elevated temperatures reduces bond, 
the longer the exposure, the worse the effect but concrete units perform marginally 
better than clay units.
16. The orthogonal strength ratio exceeded 1.0 for the grey dense concrete units 
indicating this masonry was behaving as a plate. This ratio for the calcium silicate 
units was 0.69 for the 100mm thick units, reducing to 0.38 for the thicker 240 mm 
wide units so these units failed by debonding.
17. The compressive strength of thin layer calcium silicate masonry was about 13.37 
N/mm^ and was independent of the age at testing. The modulus of elasticity of this 
masonry was between 3.0 and 6.0 N/mm^ and was also independent of the age at 
testing.
18. The characteristic tensile flexural strength of dense concrete, clay and Aircrete 
units as specified in EN 1996-1-1: 2005 [10] as well as BS 5628-1; 2005 [2] 
underestimates flexural capacity and should be higher.
19. Based on these test results, the characteristic tensile flexural strength of large 
format calcium silicate units as specified in BS EN 1996-1-1: 2005 [10] 
underestimate flexural capacity and should be reduced.
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9.3 Recommendations
1. To enable masonry to be built using thin layer mortar it is recommended that the 
range over which height of units varies within a batch be limited to 0.67 times the 
mortar thickness and such information be codified.
2. When determining the flexural strength of masonry units the orientation of the 
specimens should reflect the direction of loading the masonry will be subject to 
when in a wall.
3. The compression testing of specimens should only be undertaken on specimens 
which have never been subjected to any other from of testing, particularly flexural 
testing.
4. When studying masonry experimentally the variables that are considered are 
those that affect the properties of the masonry, these must be considered carefully 
when comparing with design codes.
5. Based on these test results, the characteristic tensile flexural strength of large 
format calcium silicate units as specified in BS EN 1996-1-1: 2005 [10] 
underestimate flexural capacity and should be reduced.
9.4 Suggestion for further research
1. The work should be expanded to include a wider range of units and mortars.
2. A wide range of mortar consistency and unit moisture contents should be studied 
to enable optimum masonry properties to be determined.
3. Varying the length of mortar mixing time and the effect of delaying the laying of 
units on mortar should be studied to evaluate how thes influence masonry 
properties.
4. No detailed studies on the effect of curing on thin layer mortar have been carried 
out and this needs to be investigated.
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5. No studies which examine including further additives into polymer modified 
mortars have been carried out and this too needs investigating.
6. Determining the relationships between compressive and flexural strength and 
water absorption and initial rate of absorption when these properties are 
determined using BS 5628-1: 2005 [2] and EN 1996-1-1: 2005 [10].
7. Investigating the impact of hot climates on the properties of thin layer mortar.
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Gross Dry Density
Red Smooth Clay Brick Unit
Area Correction Values
TT 3.142
Diameter/mm 20
Number of holes 10
Area 314.2
Total area correction 3141.6
Yellow Rough Clay Brick Unit
Area Correction Values
TT 3.142
Diameter/mm 40
Number of holes 3
Area 1256.6
Total area correction 3769.9
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Table A.1 : Experimental Data -  Gross Dry Density 
According to: BS EN 772-13: 2000
Unit No.
Gross
Weight Length Width Height
Net
Volume
Volume of 
Perforations
Gross
Volume Gross Dry Density
9 mm mm mm mm’ mm’ mm’ kg/m’
Red Smooth Brick Unit
1 2513.5 216.0 105.4 65.0 1479114.0 204203.5 1274910.5 1972
2 2496.8 217.0 104.4 64.7 1463931.4 203104.0 1260827.4 1980
3 2506.8 218.0 104.8 65.6 1496867.0 205931.4 1290935.6 1942
4 2498.3 217.2 103.9 64.7 1458259.6 203104.0 1255155.7 1990
5 2483.5 214.5 103.9 64.7 1441939.8 203261.0 1238678.7 2005
6 2504.3 216.5 104.5 65.9 1489806.9 206873.9 1282933.0 1952
AVG 2500.5 216.5 104.5 65.1 1471653.1 204413.0 1267240.2 1973.5
Yellow Rough Brick Unit
1 1949.3 215.8 101.5 65.5 1433985.6 246929 2 1187056.4 1642
2 1942.1 216.0 101.2 65.2 1423423.3 245609.7 1177813.5 1649
3 1921.5 216.0 100.9 65.2 1420290.7 245798.2 1174492.5 1636
4 1946.0 215.7 102.1 65.5 1441403.4 246740.7 1194662.7 1629
5 1913.8 215.0 101.2 65.7 1427707.0 247494.7 1180212.3 1622
6 1921.3 216.6 100.8 65.8 1435538.2 247871.7 1187666.5 1618
AVG 1932.3 215.9 101.3 65.5 1430391.4 246740.7 1183650.7 1633
Concrete Brick Unit
1 3047.0 215.0 100.9 65.9 1428517.0 - 1428517.0 2133
2 2903.8 215.0 99.4 65.5 1399096.4 - 1399096.4 2075
3 2990.8 215.0 100.7 65.2 1410911.7 - 1410911.7 2120
4 2878.3 215.0 99.9 65.4 1403990.9 - 1403990.9 2050
5 2979.3 215.5 100.3 65.7 1418294.4 - 1418294.4 2101
6 3103.3 215.0 103.1 65.7 1455230.7 - 1455230.7 2132
AVG 2983.7 215.1 100.7 65.6 1419340.2 - 1419340.2 2102
Aircrete Brick Unit
1 879.3 211.8 98.1 64.1 1331842.9 - 1331842.9 660
2 955.3 212.0 99.7 67.1 1417541.2 - 1417541.2 674
3 910.3 212.0 101.1 64.1 1372796.5 - 1372796.5 663
4 865.3 212.0 96.5 64.1 1309656.0 - 1309656.0 661
5 883.0 211.5 99.2 64.2 1345918.3 - 1345918.3 656
6 905.8 212.0 100.0 64.0 1356121.6 - 1356121.6 668
AVG 899.8 211.9 99.1 64.6 1355646.1 - 1355646.1 664
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Initial Rate of Absorption -  BS EN 772-11: 2000
Key Description Units
^dry.s Mass of specimen after drying g
f^ so.s Mass of specimen in grams after soaking for time t g
As Gross area of the face of the specimen immersed in water mm^
s^o Time of soaking s
^w.s Coefficient of water absorption due to capillary suction g /(m W )
^wi.s Initial rate of water absorption for masonry units g/(m=xmin)
Water line
Length 215.0 mm
Width 102.5 mm
Depth 5.0 mm Depth of unit immersed in water
Brick
Unit
Areas
Bottom 22038
CwLs - .........  . . x lO ^ [ k g / ( m ^ x m i n ) ]
As 1
Front 1075 mm^
Left 513 mm^
Right 513 mm^
As V  tso
Back 1075 mm^
Total area immersed 25213
Dif Difference
Bef Before
Aft After
ABREVIATIONS L Left
R Right
BK Back
PR Front
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Table A.2: Experimental Data - Initial Rate of Absorption - EN 772-11: 2000
Unit Weight Volume Dry Density Time cw,s cwi.s
No.
g mm® kg/m® Sec. (g/(m  ^X s° (kg/(m  ^X min)
Red Smooth Clay Brick Unit
1 2513.5 1274910.5 1972 30 90.52 0.99
2 2496.8 1260827.4 1980 60 38.40 0.30
3 2506.8 1290935 6 1942 90 86.13 0.54
4 2498.3 1255155.7 1990 120 90.52 0.50
5 2483.5 1238678.7 2005 240 103.69 0.40
6 2504.3 1282933 1952 300 76.71 0.27
Yellow Rough Clay Brick Unit
1 1949.3 1187056.4 1642 30 129.14 1.41
2 1944.5 1177813.5 1651 60 246.27* 1.91*
3 1921.5 1174492.5 1636 90 194.30 1.23
4 1946 1194662.7 1629 120 234.80 1.29
5 1913.8 1180212.3 1622 240 225.52 0.87
6 1921.3 1187666.5 1618 300 193.05 0.67
Concrete Brick Unit
1 3047 1428517 2133 120 171.98 0.94
2 2903.8 1399096.4 2075 300 140.83 0.49
3 2990.8 1410911.7 2120 600 98.77* 0.24*
4 2878.3 1403990.9 2050 900 81.31 0.16
5 2979.3 1418294.4 2101 1200 68.13 0.12
6 3103.3 1455230.7 2132 1800 59.36 0.08
Aircrete Brick Unit
1 879.3 1331842.9 660 120 141.21 0.77
2 955.3 1417541.2 674 300 121.37* 0.42*
3 910.3 1372796.5 663 600 119.01* 0.29*
4 865.3 1309656 661 900 124.94 0.25
5 883 1345918.3 656 1200 113.92* 0.20*
6 905.8 1356121.6 668 1800 117.79 0.17
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Table A.3: Red Smooth Clay Brick -  Analysis data- Initial Rate of Absorption- BSEN 772-11: 2000
No.
Time
Brick unit
Diff
Watermark Rise
Mean
Bef. Aft. L FR R BK
Seconds g 9 mm mm mm mm mm
1 30 2475.5 2488.0 12.5 6.0 6.0 6.0 6.0 6.0
2 60 2488 0 2495.5 : t l7 i5 l i 8.0 8.0 8.0 8.0 8.0
3 90 2488.0 2509.5 21.5 7.0 6.0 10.0 12.0 8.8
4 120 2508.9 2533.5 24.6 13.0 10.0 10.0 11.0 11.0
5 240 2439.0 2479.5 40.5 14.0 14.0 14.0 14.0 14.0
6 300 2505.5 2539.0 33.5 14.0 14.0 15.0 14.0 14.3
No.
1
rridry.s m.o,s As tso CW ,s cwi.s Area Correction Values
9 9 mm’ s 1g/(m’ X  s“®) kg/(m’ X min) Diameter/mm 20
2475.5 2488.0 25212.5 30 90.52 0.0165 Holes in brick (increase) 314.2
2 2488.0 2495.5 25212.5 60 38.40 0.0050 Holes in bricks (decrease) 314.2
3 2488.9 2509.5 25212.5 90 86.13 .0.0091 Change of area 0.0
4 2508.5 2533.5 25212.5 120 90.52 0.0083 Number of holes 10
5 2439.0 2479.5 25212.5 240 103.69 0.0067 Total area change 0
6 2505.5 2539.0 25212.5 300 76.71 0.0044 No change in contact area as a result of the holes.
Specified standards time Formulas and Static Values
All measurements in mm
Circumference TTd
Area of Circle TTr=
Depth of immersion 5.0
TT 3.142
Table A.4: Yellow Rough Clay Brick - Analysis data- Initial Rate of Absorption- BS EN 772-11: 2000
No.
Time
Brick unit
Diff
Watermark Rise
Mean
Bef. Aft. L FR R BK
Seconds 9 9 mm mm mm mm mm
1 30 1937.5 1954.0 16.5 17.0 13.0 8.0 8.0 11.5
2 60 1941 5 1986 0 44.5 18.0 19.0 20.0 i t i i i i i i i i 5 . o 18.0
3 90 1941.0 1984.0 43.0 19.0 17.0 21.0 13.0 17.5
4 120 1947.0 2007.0 60.0 24.0 21.0 24.0 21.0 22.5
5 240 1945.5 2027.0 81.5 31.0 29.0 28.0 22.0 27.5
6 300 1933.0 2011.0 78.0 26.0 26.0 23.0 24.0 24.8
No.
1
ITldry.s fr^ so.s As tso C W ,s cwi,s Area Correction Values
9 9 mm* S 1g/(m* X  s® ®) kg/(m* X  min) Diameter/mm 40
1937.5 1954.0 23327.5 30 129.14 0.0236 Holes in brick (increase) 6 2 8 .3
2 1941.5 1986.0 23327.5 60 246.27 0.0318 Holes in bricks (decrease) 1 2 5 6 .8
3 1941.0 1984.0 23327.5 90 194.30 0.0205 Change of holes -6 2 8 .3
4 1947.0 2007.0 23327.5 120 234.80 0.0214 Number of holes 3
5 1945.5 2027.0 23327.5 240 225.52 0.0146 Total area change -1 8 8 5 .0
6 1933.0 2011.0 23327.5 300 193.05 0.0111
g j Specified standards time | Formulas and Static Values
All measurements in mm
Circumference TTd
Area of Circle TTT*
Depth of immersion 5.0
TT 3.142
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Table A.5: Concrete Brick - Analysis data- Initial Rate of Absorption- BSEN 772-11: 2000
No Time
Brick unit
Diff
Watermark Rise
Mean
Bef. Aft. L FR R BK
Seconds g 9 mm mm mm mm mm
1 120 3058.0 3105.5 47.5 26.0 18.0 32.0 19.0 23.8
2 300 3056.0 3117.5 61.5 34.0 22.0 33.0 25.0 28.5
3 600 3051.5 3112.5 61.0 20.0 0 0 0 0 0 : 26.8
4 900 2978.5 3040.0 61.5 48.0 26.0 65.0 65.0 51.0
5 1200 3182.5 3242.0 59.5 25.0 44.0 30.0 34.0 33.3
6 1800 3180.5 3244.0 63.5 60.0 44.0 60.0 35.0 49.8
No
1
fUdry.s mso.s As tso CW,s cwi.s Specified Standard Time
9 9 mm* s 1g/(m*xs®') kg/(m* X min)
No holes in units therefore area correction 
not applied
3058.0 3105.5 25213.7 120 171.98 0.94
2 3056.0 3117.5 25213.7 300 140.82 0.49
3 3051.5 3112.5 25213.7 600 98.77 0.24
4 2978.5 3040.0 25213.7 900 81.31 0.16
5 3182.5 3242.0 25213.7 1200 68.12 0.12
6 3180.5 3244.0 25213.7 1800 59.36 0.08
Table A.6: Aircrete Brick - Analysis data- Initial Rate of Absorption- BSEN 772-11: 2000
No.
Time
Brick unit
Diff.
Watermark Rise
Mean
Bef. Aft. L FR R BK
Seconds 9 9 mm mm mm mm mm
1 120 802.0 841.0 39.0 14.0 25.0 12.0 38.0 22.3
2 300 854.5 907.5 53.0 17.0 10.0 34.0 35.0 24.0
3 600 880.5 954.0 l l l l l l l 23.0 31.0 20.0 23.0 24.3
4 900 848.0 942.5 94.5 23.0 28.0 34.0 34.0 29.8
5 1200 864.5 964.0 99.5 25.0 40.0 42.0 28.0 33.8
6 1800 867.5 993.5 126.0 45.0 52.0 30.0 23.0 37.5
No.
1
nridry.s niso.s As tso CW,s cwi.s Specified Standard Time
9 9 mm* s 1g/(m* X s“®) kg/(m* X min)
No holes in units therefore area 
correction not applied
1 802.0 841.0 25212.3 120 141.21
2 2 854.5 907.5 25212.3 300 121.37
3 3 880.5 954.0 25212.3 600 119.01
4 4 848.0 942.5 25212.3 900 124.94
5 5 864.5 964.0 25212.3 1200 113.93
6 6 867.5 993.5 25212.3 1800 117.79
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Table A.7: Experimental data -  Absorption According to BS EN 771-1: 2003
Dry 
mass md
Wet 
mass m*
Absorption
-Wm
Dry
mass
md
Wet
mass
niw
Absorpt
ion-Wm
Dry
mass
md
W et
mass
m„
Absorp
tion-
Wm
Dry mass 
md
W et
mass
mw
Absorpt
ion-Wm
g 9 % 9 9 % 9 9 % 9 9 %
Unit
No.
YRB AAC
1 2513.5 2700 7 1949.3 2279 17 3047 3257.5 7 879.3 1257 43
2 2496.8 2666 7 1944.5 2279 17 2903.8 3126 8 955.3 1343 41
3 2506.8 2669.9 7 1921.5 2265 18 2990.8 3208 7 910.3 1313.5 44
4 2498.3 2670.5 7 1946 2290 18 2878.3 3103 8 865.3 1258 45
5 2483.5 2631.5 6 1913.8 2249.5 18 2979.3 3193.5 7 883 1291.5 46
6 2504.3 2678 . 7 1921.3 2262 18 3103.3 3313 . 7 905.8 1287.5 42
7 2498.3 2680.8 7 1946.8 2289.4 18 3048.1 3277.5 8 943.4 1339.3 42
8 2505.5 2679.7 7 1934.5 2273.6 18 2944.9 3159.4 7 917.7 1323 44
9 2503.5 2670.6 7 1939.7 2273.2 17 2969.1 3207 8 869.9 1269.3 46
10 2482.3 2657.9 7 1928.4 2273.2 18 3014.1 3225 7 935 1335.9 43
AV
G |2499^'3]|; i i i i f p i i i i 6.8 1934.6 2273.4 2987.9 i 0 P 7 ' b | 7 906.5 i i l b t - p i ;
44
ST 9.9 17.7 0.4 12.6 12.3 0.3 68.7 65.7 0.4 31.7 33.6 1.9
CoV 0.00 0.01 0.06 0.01 0.01 0.02 0.02 0.02 0.06 0.03 0.03 0.04
Table A.8: Tensile flexural strength of cut calcium silicate block units
Calculation of Stress
Specimen Dimensions (mm)
Volume Weight Density Failure Stress (M) (Z)
No L W H ( g ) Kg/m® load kN N/mm®
IV 520 100 100 5200000 9733.20 1871.77 2.69 1.21 201750 166666.67
2V 522 100 100 5220000 9812.80 1879.85 2.53 1.14 189750 166666.67
3V 520 100 100 5200000 9577.40 1841.81 2.68 1.21 201000 166666.67
Mean strength 1.19
Standard deviation 0.04
Characteristic strength 1.12
Coefficient of variation % 3.40
4H 515 100 100 5150000 9967.20 1935.38 9.13 4.11 684750 166666.67
5H 517 100 100 5170000 9352.80 1809.05 8.13 3.66 609750 166666.67
6H 513 100 100 5130000 9613.00 1873.88 7.99 3.60 599250 166666.67
Mean strength 3.79
Standard deviation 0.28
Characteristic strength 3.33
Coefficient of variation % 7.39
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Using specimen number 1 as an example to calculate the tensile flexural strength or 
stress of cut calcium silicate block units
a  = M/Z
Bending stress = 201750/166666.67 
= 1.21 N/mm^
Where is 
a =  Stress 
Z = (bd")/6
M = Bending of moment (P x I)
Z = Section of Modulus 
b = bright (mm) 
d = depth (mm)
Table A.9: Calculation of Flexural strengtfi of dense concrete block masonry
Block
No.
Dimensions
(mm)
Support
span
Bright
(mm)
Weight 
of unit 
(kg)
Mass of 
Weights 
in total 
(kg)
weights
(Platen)
(kN)
Load
P
(kN)
Section
of
Modulus
(Z)
load
including
platen
P(kN)
Bending 
Moment 
M (kNm)
Bending
Stress
(N/mm®)
Length
(mm)
Depth
(mm)
I
(mm)
1 440 100 390 214 17.00 0.24 0.24 8.20 356666.7 8.440 822.900 2.307
2 441 100 390 216 17.10 0.24 0.24 8.10 360000 8.340 813.150 2.259
3 440 100 390 214 17.40 0.24 0.24 7.80 356666.7 8.040 783.900 2.198
4 440 100 390 215 17.60 0.24 0.24 8.80 358333.3 9.040 881.400 2.460
5 439 100 390 215 17.00 0.24 0.24 8.30 358333.3 8.540 832.650 2.324
Mean strength 2.309
standard deviation 0.097
Characteristic strength 2.150
Coefficient of variation % 4.210
Table A.10: Failure stresses for single Grey blocks
Block
No.
Failure Load, P 
(kN)
Bending Moment, 
M (kNm)
Bending Stress, 
Qb (N/mm*2)
1 8.44 0.823 2.30
2 8.34 0.813 2.27
3 8.04 0.784 2.19
4 9.04 0.881 2.46
5 8.54 0.833 2.32
Average 2.31
Standard deviation 0.10
Characteristic strength 2.14
Coefficient of variation 4.30
L = 390 mm 
b =215 mm 
d = 100 mm
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Table A.11: Weight in grams- Units
Unit No. Before 
inserting 
into oven
Different 
before 
and after
After 24 
hours in 
oven
After 24 
hours 
cooling
Average 
of Dry 
state
After
cooling
After 24 
hours in 
water
Water
absorbed
Red Smooth Brick Unit
1 2514.5 1.0 2513.5 2513.5 2513.5 0.0 2700.0 186.5
2 2497.5 0.5 2497.0 2496.5 2496.8 0.5 2666.0 169.3
3 2507.5 1.0 2506.5 2507.0 2506.8 -0.5 2669.9 163.2
4 2499.0 0.5 2498.5 2498.0 2498.3 0.5 2670.5 172.3
5 2484.0 0.5 2483.5 2483.5 2483.5 0.0 2631.5 148.0
6 2505.0 1.0 2504.0 2504.5 2504.3 -0.5 2678.0 173.8
7 2498.3 0.0 2498.3 2498.3 2498.3 0.0 2680.8 182.5
8 2506.8 -0.1 2506.9 2506.8 2506.9 0.1 2679.7 172.8
9 2513.5 0.0 2513.5 2513.5 2513.5 0.0 2670.6 157.1
10 2496.8 0.0 2496.8 2496.8 2496.8 0.0 2657.9 161.1
AVG 2502.3 0.4 2501.9 2501.8 2501.8 0.0 2670.5 168.6
Yellow Rough Brick Unit
1 1949.0 0.5 1948.5 1950.0 1949.3 -1.5 2279.0 329.8
2 1941.0 1.9 1939.1 1945.0 1942.1 -5.9 2279.0 337.0
3 1922.0 1.0 1921.0 1922.0 1921.5 -1.0 2265.0 343.5
4 1945.5 0.5 1945.0 1947.0 1946.0 -2.0 2290.0 344.0
5 1913.5 0.5 1913.0 1914.5 1913.8 -1.5 2249.5 335.8
6 1921.5 0.5 1921.0 1921.5 1921.3 -0.5 2262.0 340.8
7 1946.8 0.6 1946.2 1946.8 1946.5 -0.6 2289.4 342.9
8 1934.5 0.5 1934.0 1934.5 1934.3 -0.5 2273.6 339.4
9 1939.7 0.2 1939.5 1939.7 1939.6 -0.2 2273.2 333.6
10 1928.4 0.6 1927.8 1928.4 1928.1 -0.6 2273.2 345.1
AVG 1934.2 0.7 1933.5 1934.9 1934.2 -1.4 2273.4 339.2
Concrete Brick Unit
1 3097.5 53.0 3044.5 3049.5 3047.0 -5.0 3257.5 210.5
2 2943.0 42.0 2901.0 2906.5 2903.8 -5.5 3126.0 222.3
3 3027.0 39.0 2988.0 2993.5 2990.8 -5.5 3208.0 217.3
4 2913.0 37.0 2876.0 2880.5 2878.3 -4.5 3103.0 224.8
5 3013.5 36.5 2977.0 2981.5 2979.3 -4.5 3193.5 214.3
6 3141.5 40.5 3101.0 3105.5 3103.3 -4.5 3313.0 209.8
7 3086.4 40.8 3045.6 3050.6 3048.1 -5.0 3277.5 229.4
8 2992.6 50.2 2942.4 2947.4 2944.9 -5.0 3159.4 214.5
9 3010.7 43.9 2966.8 2971.3 2969.1 -4.5 3207.0 238.0
10 3052.9 41.6 3011.3 3016.8 3014.1 -5.5 3225.0 211.0
AVG 3027.8 42.5 2985.4 2990.3 2987.8 -5.0 3207.0 219.2
Aircrete Brick Unit
1 918.0 43.0 875.0 883.5 879.3 -8.5 1257.0 377.8
2 1006.5 55.0 951.5 959.0 955.3 -7.5 1343.0 387.8
3 965.0 59.0 906.0 914.5 910.3 -8.5 1313.5 403.3
4 906.5 45.5 861.0 869.5 865.3 -8.5 1258.0 392.8
5 926.5 47.5 879.0 887.0 883.0 -8.0 1291.5 408.5
6 966.5 64.0 902.5 909.0 905.8 -6.5 1287.5 381.8
7 985.3 45.9 939.4 947.4 943.4 -8.0 1339.3 395.9
8 966.2 52.3 913.9 921.4 917.7 -7.5 1323.0 405.4
9 615.6 -250.5 866.1 873.6 869.9 -7.5 1269.3 399.5
10 982.3 51.3 931.0 939.0 935.0 -8.0 1335.9 400.9
AVG 923.8 21.3 902.5 910.4 906.5 -7.9 1301.8 395.3
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Table A.12: Experimental Data - Compressive Strength According to BS EN 772-1: 2000
Unit
No.
Unit Dimensions *Area Compressive strength
Length Width Height LXD Weight Load Stress
mm mm mm mm® g N N/mm®
Red Smooth Clay Brick
1 216 105.4 65 19613.6 2516.0 1413.0 72.0
2 217 104.4 64.7 19502.0 2499.0 1410.0 72.3
3 218 104.8 65.6 19693.5 2509.0 1499.0 76.1
4 217.2 103.9 64.7 19414.2 2500.5 1450.0 74.7
5 214.5 103.9 64.7 19144.6 2486.0 1502.5 78.5
6 216.5 104.5 65.9 19482.3 2506.5 1490.0 76.5
7 217 104.4 64.9 19512.8 2499.0 1510.0 77.4
8 218 103.9 65.1 19508.2 2503.2 1493.0 76.5
9 217.6 104.2 65 19531.9 2510.0 1499.0 76.7
10 218 104.1 64.9 19551.8 2492.0 1509.0 77.2
AVG 217.0 104.4 65.1 19495.5 2502.1 1477.6 75.8
STDEV 1.1 0.5 0.4 144.6 8.9 38.7 2.1
COV% 0.5 0.5 0.6 0.7 0.4 2.6 2.8
Yellow Smooth Clay Brick
1 215.8 101.5 65.5 18123.0 1949.5 623.3 34.4
2 216 101.2 65.2 18078.5 1940.5 574.5 31.8
3 216 100.9 65.2 18013.7 1922.0 502.6 27.9
4 215.7 102.1 65.5 18253.1 1946.0 533.7 29.2
5 215 101.2 65.7 17977.3 1914.0 534.0 29.7
6 216.6 100.8 65.8 18063.4 1921.5 461.8 25.6
7 215.9 100.5 65.2 17928.0 1920.0 615.3 34.3
8 215 101.1 65.9 17966.6 1916.5 593.6 33.0
9 215.6 100.5 65.4 17897.9 1940.0 611.3 34.2
10 216 100.7 65.2 17981.3 1936.0 620.6 34.5
AVG 215.8 101.1 65.5 18028.3 1930.6 567.1 31.5
STDEV 0.5 0.5 0.3 105.0 13.1 56.3 3.2
COV% 0.2 0.5 0.4 0.6 0.7 9.9 10.1
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Table A.12: Experimental Data - Compressive Strength According to BS EN 772-1: 2000 (continued)
Unit
No.
Unit Dimensions *Area Compressive strength
Length Width Height LXD Weight Load Stress
mm mm mm mm® 9 N N/mm®
1 215 100.9 65.9 21693.5 3047.0 846.6 39.0
2 215 99.4 65.5 21371.0 2905.0 580.9 27.2
3 215 100.7 65.2 21650.5 2992.0 667.9 30.8
4 215 99.9 65.4 21478.5 2879.5 502.9 23.4
5 215.5 100.3 65.7 21614.7 2980.0 622.8 28.8
6 215 103.1 65.7 22166.5 3103.0 772.4 34.8
7 215 100 65.2 21500.0 2993.0 698.4 32.5
8 215 101.9 65.9 21908.5 3010.0 706.9 32.3
9 215.5 100.5 65.8 21657.8 3044.0 813.5 37.6
10 215 100.8 65.3 21672.0 2991.8 825.2 38.1
AVG 215.1 100.8 65.6 21671.3 2994.5 703.8 32.5
STDEV 0.2 1.1 0.3 226.7 65.6 113.1 5.1
COV% 0.1 1.1 0.4 1.0 2.2 16.1 15.6
Aircrete Brick
1 211.8 98.1 64.1 20777.6 893.5 92.5 4:5
2 212 99.7 64.2 21136.4 874.5 81.2 3.8
3 212 101.1 64.1 21433.2 857.5 75.8 3.5
4 212 96.5 64.1 20458.0 902.0 95.4 4.7
5 211.5 99.2 64.2 20980.8 945.5 90.1 4.3
6 212 100 64 21200.0 872.5 106.2 5.0
7 212 96.5 64.1 20458.0 901.5 90.6 4.4
8 212 99.2 64.2 21030.4 886.9 89.4 4.3
9 211.5 99.2 64 20980.8 897.6 96.7 4.6
10 211.8 98.1 64.1 20777.6 901.3 102.9 5.0
AVG 211.9 98.8 64.1 20923.3 893.3 92.1 4.4
STDEV 0.2 1.5 0.1 311.9 23.7 9.1 0.5
COV% 0.1 1.5 0.1 1.5 2.7 9.9 10.4
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Table A.12: Experimental Data - Compressive Strength According to BS EN 772-1; 2000 (continued)
CaSB1100 X 100 X 100mm
Unit Dimensions *Area Compressive strength
No. Length Width Height LXD Weight Load Stress
mm mm mm mm® g N N/mm®
1 100 100 100 10000.0 1829.2 279.8 28.0
2 100 100 100 10000.0 1786.0 248.2 24.8
3 100 100 100 10000.0 1859.3 334.2 33.4
AVG 100.0 100.0 100.0 10000.0 1824.8 287.4 28.7
STDEV 0.00 0.00 0.00 0.00 30.08 35.52 3.6
COV% 0.0 0.0 0.0 0.0 1.6 12.4 12.4
CaSB1100 X 100 X 150mm
1 150 100 100 15000.0 2680.0 453.1 30.2
2 150 100 100 15000.0 2732.8 503.8 33.6
3 150 100 100 15000.0 2730.8 468.9 31.3
AVG 150.0 100.0 100.0 15000.0 2714.5 475.3 31.7
STDEV 0.00 0.00 0.00 0.00 24.43 21.18 1.4
COV% 0.0 0.0 0.0 0.0 0.9 4.5 4.5
CaSB1100 X 100 X 240mm
1 240 100 100 24000.0 4273.2 710.4 29.6
2 240 100 100 24000.0 4421.5 820.8 34.2
3 240 100 100 24000.0 4374.6 781.3 32.6
AVG 240.0 100.0 100.0 24000.0 4356.4 770.8 32.1
STDEV 0.00 0.00 0.00 0.00 61.89 45.67 1.9
COV% 0.0 0.0 0.0 0.0 1.4 5.9 5.9
Table A.12: CaSBI (V) 100mm x 100mm x +/-250mm (continued)
CaSBI (V) 100mm x 100mm x +/-250mm
Unit
No.
Unit Dimensions *Area Compressive strength
Length Width Height LXD Weight Load Stress
mm mm mm mm® g N N/mm®
1 262.5 100 100 26250.0 4871.5 173.4 6.6
2 257.5 100 100 25750.0 4861.7 198.8 7.7
3 284 100 100 28400.0 4952.5 166.8 5.9
4 248 100 100 24800.0 4860.3 167.0 6.7
5 248 100 100 24800.0 4861.3 174.5 7.0
6 248 100 100 24800.0 4862.3 174.2 7.0
AVG 258.0 100.0 100.0 25800.0 4878.3 175.8 6.8
STDEV 14.12 0.00 0.00 1411.74 36.60 11.81 0.6
COV% 5.47 0.00 0.00 5.47 0.75 6.72 8.9
CaSBI (H) 100mm x 100mm x +/-250mm
1 244.5 100 100 24450.0 4955.8 203.7 8.3
2 282.5 100 100 28250.0 5011.3 205.0 7.3
3 238 100 100 23800.0 4644.5 176.6 7.4
4 271 100 100 27100.0 4708.4 145.2 5.4
5 248 100 100 24800.0 4787.5 233.2 9.4
6 265 100 100 26500.0 4825.5 212.5 8.0
AVG 258.2 100.0 100.0 25816.7 4822.2 196.0 7.6
STDEV 17.32 0.00 0.00 1732.24 140.96 30.83 1.4
COV% 6.71 0.00 0.00 6.71 2.92 15.73 17.7
GDC (440x215x100 mm)
AVG 13700.0 7.0
STDEV
COV%
YDC (440 x 215 x100 mm)
AVG 13700.0 7.0
STDEV
COV%
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Figure B.1: Hardened Mortar testing diagrams
100mm J
40mm
40mm
160mm
Tensile Flexural Strength Specimens to BS EN 1015 -  11:1999
40 X 40 mm rigid platens
Ends of failed mortar specimens
Compressive Strength Specimens to BS EN 1015-11 :1999
Compressive strength testing of 100m cubes Direct tensile strength using dog bone specimens
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Appendix B: Mortar Data
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Appendix B: Mortar Data
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Appendix B: Mortar Data &  SURREY
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Appendix C 
Beams and couplets (Bond wrench)
Appendix C; Bond Wrench (Beams and Couplets) - Test Data
UNIVERSITY OF
SURREY
APPENDIX C -  BOND WRENCH (BEAMS AND COUPLETS) -
TEST DATA
Table C.1 Bond wrench tests
Programme
No.
Test
No.
Age at 
testing
Unit
type
Mortar
type
Mortar
mix
Construction
method
BR40 1-56 AAC Celfix mortar 5.7: 1 Scoop and trowel
BR41 1-56 RSB Ardex X7G Plus 1.75: 0.70 Scoop and trowel
BR42 1-56 RRB Ardex X7G Plus 1.75: 0.70 Scoop and trowel
BR 43 1-56 CB Ardex X7G Plus 1.75: 0.70 Scoop and trowel
5 BR44 1-56 YDC Ardex X7G Plus 1.75: 0.70 Scoop and trowel
BR50 1-28 AAC Celfix mortar 5.7: 1 Scoop and trowel
BR51 1-28 RSB Ardex X7G Plus 1.75: 0.70 Scoop and trowel
BR 52 1-28 RRB Ardex X7G Plus 1.75: 0.70 Scoop and trowel
BR53 1-28 CB Ardex X7G Plus 1.75: 0.70 Scoop and trowel
6 BR1-70 1-28 CaSBI(S) Dünnbettmôrt 2.5: 1 Scoop only
This appendix includes the test results of flexural strength of masonry using bond wrench testing
ABREVIATIONS & SPECIFICATIONS
Symbol Units Description
6i mm
62 mm
w N Weight of masonry unit and any adherent mortar pulled off of specimen (N)
Fi N Applied Load N
Fz N Weight of lever / clamp N
fwi N/mm^ Individual bond strength N/mm^
fw N/mm^ Mean bond strength N/mm^
fwk N/mm^ Characteristic bond strength N/mm^
d mm Mean depth of specimen
b mm Mean width of the bed joint tested
Z mm^ Section modulus of the projected plan area of the failure surface
T g Top
B 9 Bottom
BEF 9 Before Test
STDEV - Standard Deviation
COV - Coefficient of Variation
Key Values
6i 800,1000 mm
62 51 mm
Fz 96,207 or 357 N
K 1.92 -
/w / =
Fjej  + F2e2-~d{F]  + F2 + W /4) where Z  = bd-
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Appendix C; Bond Wrench (Beams and Couplets) - Test Data
UNIVERSITY OF
SURREY
Schematic diagram of bond wrench testing
r777T77m 77777rh777777T777777rm
Couplet made with original units giving 1 result
Stack bonded prism made with relatively small units giving 5 results
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
UNIVERSITY OF
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Failure Mode
Classification of results
The test results include the mode of breakage at the interface between the unit and mortar. The descriptions 
of failures according to BS EN 1052-5: 2005 are as follows:
Al: Failure at interface between mortar and upper unit
A2: Failure at interface between mortar and lower unit
A3: Failure at interface between mortar and both units
A4: Tension failure within mortar bed
A5: Tension failure within unit near interface
A6: Failure at interface between mortar and frogged unit
A7: Crushing/shearing failure of unit where clamped
Diagrammatically the modes of failure descriptors represent the following form of breakage:
Figure 02: Diagrammatic classification couplet failures
Al
A2
A3
A4
A5
A6
A7
Jabbar Ali 325
Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
UNIVERSirv'OF
SURREY
■"I
n IJ3
uuZ
■8c0
73
Co
CO
I
IS3
73
Co
Xi
o0
73
C0
%
Q.300
1
1o
E
0
ÇIc 1—
«
6
0
.Q0
(O
•'I
IIQ.
o CO 0
f l
o
I I
c  ••è'o E 0 0II Ü 24 3
g i
Jabbar Ali 327
Appendix C; Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C; Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C; Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
UNIVERSITY OF
SURREY
- iz
N '
■Ocom
E
sS3
730
73
C0
S 3
1
73
_0
Q.300
1
10 
E
1c
'sz
O
oS30
o
l iD.
c  .7i O 0 0 0II
31
24 3
I—
24 3
31
Jabbar Ali 336
Appendix C; Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C; Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
UNIVERSITY OF
SURREY
J e
N *
liTZ
g
c0)
-a
c
oCû
3
2
E
SJ3
T30)TJ
C0
1
■O
g
2  
CL 
3
0  
I
1 
I  
0
H
ù)
CM
ü
_0)
X2
• I
I I
Q .
id 3
31
id 3
31
c .t:; 
o  (A 
v) 0)II
31
Jabbar Ali 350
Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C; Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
UNIVERSITY'OF
SURREY
z
N '
liTz
uTz
gc0
T3
C
o
CO
1
E
2  X2
•a0
T 3
c
oJO
Ü0
TO
c0
]0
C L30
O
1
g0 
E
1
c
H
n
CO
Ü
_0
S3
Ü
0 |
î i
CL
o CD
c  . t i  O 0 
0 0II
C  •■è'O w 
0 0ÎI
CD
CO «2 
0 0II
31 31
I
I I
Jabbar Ali 357
Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix C; Bond Wrench (Beams and Couplets) - Test Data
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Appendix C: Bond Wrench (Beams and Couplets) - Test Data
UNIVERSITY' OF
SURREY
N '
LL Z
U . Z
T3C
o
00
E
2xa
T30
T3
c0 xa
1OT
T3
CTO
]0
CL30
0
1
10 
E
1
c
XI
oo
CO
6
0
xa
w
« I
« I
Is
CL
<o
C3 >4
C5 C .ti
CN o  52
CO 0  0
o (0).>
c  c
id 3
w
Ü
2
I
c
O 2w 0 
11
CO
Ü
31
3 52 0 0II
l l
Jabbar Ali 362
Appendix C: Bond Wrench (Beams and Couplets) - Test Data
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Appendix D 
Flexural Testing of Masonry Wallettes
Appendix D: Flexural Testing of Masonry - Wallettes
UNIVERSITY OF
SURREY
APPENDIX D 
FLEXURAL TESTING OF MASONRY - WALLETTES
To find the flexural strength of an individual specimen, (fxi) to the nearest 0.01 N/mm^
y" _  3Fimax(h-h)
Formula 10 -  the bending tensile strength of masonry B-wallette by flexural test
r  ^  ^ ^ i , m a x { h  ~ h )
2h ti
Formula 11 -  the bending tensile strength of masonry P-wallette by flexural test
Where, fxi The flexural strength of an individual masonry specimen.
(N/mm^)
b  The width of a masonry specimen perpendicular
h  The height of masonry specimen
f,.m ax Maximum load applied to an individual masonry specimen (N)
!i Spacing of the outer bearings (mm)
I2 Spacing of the inner bearings (mm)
tu Width of the masonry unit (mm)
So for specimen (B-wallette No. 1) in Programme 1,
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Appendix D: Flexural Testing of Masonry - Wallettes
UNIVERSITY OF
SURREY
D.2: Determining the tensile flexural strength of B-wallette - Simple bending theory:
Determining the flexural strength or strength of masonry thin joint dense concrete blocks 
using specimen 1 (Programme 1, Test 3, B-wallette No. 1) as an example
Simple bending theory:
M  a E
I  Y R
Formula D.1 -  the simple bending theory
Z = — Where is
r  A/ = — and 
T = Therefore;
hd^
Formula D.2 -  the section modulus of area 
BM at a point X (Figure D.1)
Is defined as the sum of the product of figures and distances to one side of X
P/2 X a -  P/2 X b 
P/2 X c -  P/2 X d
M
From formula D.1 and D.2
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Appendix D; Flexural Testing of Masonry - Wallettes ê UNIVERSITY OFSURREY
Figure D.1: (a) Dimensions of B-wallette, (b) Applied load and support and (c) Bending moment
oin
CO
00o
CO
COO) CMCO
R2
662mm
P/2P/2
R/2 R/2
y = d/4
P/2 X a -  P/2 X b 
P/2 X c -  P/2 X d
Based on the analysis data and the formulas above the stress (flexural strength) of B-wallette determined;
27^0 (983_432)
M  =  0.38kNmM  =
b d
Z = Z  =1158333
a = 0.33 N/mmG  =G =  —
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Appendix D: Flexural Testing of Masonry - Wallettes
UNIVERSITY OF
SURREY
2. Characteristic Flexural Strength
Sample calculation of characteristic flexural strength (fxij 
(1 ), 1.5 wide X 5 block height after 5 days 
fxk ~ fmean/1 5  
0.34/1.5 
fmean = 0.87N/mm^
3. Calculating the Characteristic bond Strength
In order to calculate the characteristic bond strength (fwk) the mean bond strength must be 
found. To find mean bond strength (fw) N/mm^ first need to find mean average of Y value 
where Y = logiofwn
For specimen 1 with individual bond strength 0.34 N/mm^
Y=logio (0.34)
Y=-0.47
All values of Y are shown below in table D.1
Table D.1
Wallette No. Y
1 -0.49
2 -0.26
3 0.13
4 0.11
5 -0.06
Ymean -0.11
So Ymean= -0.11
The standard deviation is calculated from the square root of the variance, which is 
determined by I(x-Ymean) /^n-1
Where:
X individual Y values for specimen 1 
X - Ymean “ (-0.48) — (-0.11)
= -0.37
(X -  Ymean)' =(-0.37)^
= 0.14
All volumes are shown below in Table D.2
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Appendix D: Flexural Testing of Masonry - Wallettes
UNIVERSITY OF
SURREY
Table D.2
Wallette No. X  -  Ymean (X-Y mean)^
1 -0.37 0.14
2 -0.15 0.02
3 0.24 0.06
4 0.22 0.05
5 0.05 0.00
X ( X “ Ymean) 0.27
Variance -  X(X-Ymean) ' /  H-1 
= 0.27/(5-1)
= 0.0675
So standard deviation 
s
= VO.0675 
= 0.2599
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Appendix D: Flexural Testing of Masonry - Wallettes
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Appendix D: Flexural Testing of Masonry - Wallettes
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Appendix D; Flexural Testing of Masonry - Wallettes
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Appendix E; Masonry Compression Tests
UNIVERSITY OF
SURREY
APPENDIX E; MASONRY COMPRESSION TESTS
Figure E.1 : Block B-wallettes -  Dimensions and Location of demec studs
/ / / /  d
/
/
/ /
Uniformly distribpKed lo a d y
Demec studs
w,
X, X i
375mnP 
<— 750mm
'  "  Uniformly d istr bdted loat 1
1500mm
^ 100, 
150 c*
240mm
400mm
400mm
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Calculation
Using specimen 1 as an example to calculate Young’s Modulus of masonry: 
Force F  400*1000
Area A 1500*150
Change in length 0.129125 
e = ^ r- = — — —  = 0.00032281mm
Original length 400
Stress Force (N) /  Area (mm)
Elastic Modulus = “
Strain Extension (mm) /  Original length (mm)
a F / A  r(400 * 1OOO; /n  500 * 150;; l . nS N /m m ^  , ,
E — — = ----------= ---------------------------------------=  = 5 5 17Y /  mm
6 L 2 / L I  ff0.00032281/400;/1000; 0.00032281mm '
= yyirr^  Accordance with BSEN 1052: Part 1 -1999
Aô
Where is:
a = Stress (N/mm^)
F= Force applied (N)
A = Area (mm)
E = Elastic Modulus 
s = Strain
b = Length of specimen (mm) 
d = depth of specimen (mm)
R = average of deflection (mm)
L'/= Original length (mm)
L2 = Change in length (Extension (mm))
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Appendix F: Flexural Strength Tests -  Deflection Readings for P-Wallettes
UNIVERSITY OF
SURREY
APPENDIX F: FLEXURAL STRENGTH TESTS -  DEFLECTION 
READINGS FOR B AND P-WALLETTES
107.5 mm 
434 mm
434 mm 
107.5 mm
LVDT’s 0
313mm
< N
a
► © b
► © c
662mm
50 mm
50 mm
L(Length) 662
H (High) 1083
D (Depth) 100
/; (Support span) 983
12 (Load span) 432
Used specimen 1, programme 3, test 27 in Table F.1 as an example to calculate the 
Elastic Modulus (Young’s Modulus) using equation 1 to 7.
Used specimen 1, programme 3, test 27 in Table F.1 as an example to calculate the 
Elastic Modulus (Young's Modulus) using equation 1 to 7.
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Appendix F: Flexural Strength Tests -  Deflection Readings for P-Wallettes SURREY
M  a E  
~ T ~  Y ~  R
MR
0.5kN 0.983m 0.430m
M  = (— - — ) x ( ----------   )  = 0.07kNm
Are = RO 
Tan 0  = l/h  
h + 0 = R 
+ P = R^
+ P =
R^-2RÔ + Ô  ^+  F  =  R^
R= 248522mm
bd^
12
0.06972:^
E  = ------------------------- = 3.12mm
jjx y o *
Where is: M =  maximum Bending moment 
/ =  second moment 
cr - stress
Y= distance from  central section 
E = elastic modulus (Young’s Modulus) 
R=radius o f  curvature 
P= the applied load to the wallette 
h  = spacing o f  the inner hearings (mm) 
I] = spacing o f  the outer bearings (mm)
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MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Appendix O 
Photos
Appendix O; Photos of Experimental Programme
UNIVERSITY OF
SURREY
APPENDIX O: PHOTOS OF EXPERIMENTAL PROGRAMME
Pgm.
No.
Test
No.
Slide
No. Notes
1 1-5,13,7,11,9,10 1-119 B and P-wallette made from grey block and Ardex mortar.
2 17,12,18 120-175 B and P-wallette made from grey block and Ardex mortar.
3 26,30,31 176-231 B and P-wallette made from yellow block and Ardex mortar.
4 19-25 232-319 B and P-wallette made from yellow block and Ardex mortar.
BW1-32 1036-1125
PW1-29 1126-1201
6 CW1-30 1202-1367 Calcium silicate blocks with Dünnbettmôrt and few types of mortar.
Spaces cut from large units 1368-1383
BRI-5 to 66-70 1384-1563
Sites of working 1564-1640 Extra data about tests and work sites.
5 40-44,50-53 320-1035 Couplets and beams made from yellow block and Ardex mortar.
Slide 1
Notes
Programme 1, test 2
Testing type
Masonry type
Unit type
Mortar type
Mortar mix
Age at testing
Made date
Test date
Flexural strength
P-wa Nette
GDC
Ardex X7G Plus
1.75; 1.0
5 days
22/06/2005
27/06/2005
The remainder photos in appendix 9 (photo 3342- 
4563)
5 B-waNettes built by scoop and stored under 
polythene inside the Kingston University laboratory 
until testing
Failure mode/ percentage
50%
In mortar Top of mortar Bottom of mortar Through unit
50%
The wallette debonded at the middle
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
50% 5 0 %
The wallette debonded at the middle
Jabbar Ali 455
Appendix O: Photos of Experimental Programme
UNIVERSITY OF
SURREY
Slide 2
Notes
Programme 1, test 5
Type of testing Flexural strength
Type of masonry specimen B-wallette
Unit type GDC
1 Mortar type Ardex X7G Plus
Mortar mix 1.75: 1.0
Age at testing 28 days
Made date 09/06/2005
Test date 20/07/2005
2 The remainder photos in appendix 9 (photo 3342- 4563)
3
5 B-wallettes built by scoop and trowel then stored 
under polythene inside the Kingston University 
laboratory until testing.
In mortar Top of mortar Bottom of mortar Tfirough unit
72%
Failure mode/ percentage
28%
The wallette debonded at 2 joint
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
100%
The wallette debonded at 2" joint
Failure mode/ percentage
100%
In mortar Top of mortar Bottom of mortar Through unit
The wallette debonded at 2 joint
In mortar Top of mortar Bottom of mortar Through unit
74%
Failure mode/ percentage
26%
The wallette debonded at 2 joint
Wallette 5
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
58% 42%
The wallette debonded at T  joint
Jabbar Ali 456
Appendix O; Photos of Experimental Programme
UNIVERSITY OF
SURREY
Slide 3
Notes
Programme 1, test 13
Type of testing Flexural strength
Type of masonry specimen B-wallette
Unit type GDC
1 Mortar type Ardex X7G Plus
Mortar mix 1.75: 1.0
Age at testing 14 days
Made date 22/06/2005
Test date 06/07/2005
2 The remainder photos in appendix 9 (photo 3342- 4563)
3
5 B-wallettes built by scoop and stored under 
polythene inside the Kingston University laboratory 
until testing.
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
29% 30% - 41%
The wallette debonded at 2"" joint
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
33% 44% 23%
The wallette debonded at 2" joint
Failure mode/ percentage
31%
In mortar Top of mortar Bottom of mortar Through unit
46% 23%
The wallette debonded at 2 joint
In mortar Top of mortar Bottom of mortar Through unit
Failure mode/ percentage
79% 21%
The wallette debonded at 2 joint
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
25% 23% 52%
The wallette debonded at 2" joint
Jabbar Ali 457
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Slide 4
Notes
Programme 1, test 7
Type of testing Flexural strength
Type of masonry specimen B-wallette
Unit type GDC
1 Mortar type Ardex X7G Plus
Mortar mix 1.75: 1.50
Age at testing 7 days
Made date 31/06/2005
Test date 06/07/2005
2
The remainder photos in appendix 9 (photo 3342- 
4563)
3
5 B-wallettes built by scoop and stored under 
polythene inside the Kingston University laboratory 
until testing.
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar
82% 18%
Ttirougfi unit
Ttie wallette debonded at 2 joint
mm#
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar
62% 38%
Througfi unit
The wallette debonded at 2" joint
Failure mode/ percentage
76% 24%
In mortar Top of mortar Bottom of mortar Through unit
52%
The wallette debonded at 2 joint
Wallette 3
In mortar Top of mortar Bottom of mortar
84%
Failure mode/ percentage
16%
Through unit
The wallette debonded at 2 joint
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
9% 91%
The wallette debonded at 2" joint
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Programme 1, test 11
Type of testing Flexural strength
Type of masonry specimen B-wallette
Unit type GDC
1 Mortar type Ardex X7G Plus
Mortar mix 1.75: 0.75
Age at testing 7 days
Made date 21/09/2005
Test date 28/09/2005
2 The remainder photos in appendix 9 (photo 3342- 4563)
3 5 B-wallettes built and stored under polythene inside the Kingston University laboratory until testing
in mortar Top of mortar Bottom of mortar Through unit
45%
Failure mode/ percentage
10% 45%
The wallette debonded at 2 joint
35%
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
65%
The wallette debonded at 2" joint
Failure mode/ percentage
In mortar
15%
Top of mortar
44%
Bottom of mortar Through unit
41%
The wallette debonded at 2 joint
In mortar Top of mortar Bottom of mortar Through unit
93%
Failure mode/ percentage
7%
The wallette debonded at 2 joint
In mortar Top of mortar Bottom of mortar Through unit
91%
Failure mode/ percentage
9%
The wallette debonded at 2 joint
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Programme 1, test 9
Type of testing Flexural strength
Type of masonry specimen B-wallette
Unit type GDC
1 Mortar type Ardex X7G Plus
Mortar mix 1.75: 1.0
Age at testing 14 days
Made date 21/07/2005
Test date 04/08/2005
2 The remainder photos in appendix 9 (photo 3342- 4563)
3
5 B-wallettes built by scoop and stored under 
polythen inside the Kingston University laboratory 
until testing
In mortar Top of mortar Bottom of mortar Through unit
100%
Failure mode/ percentage
The wallette debonded at 2 joint
Wallette 4
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
80% 20%
The wallette debonded at 2" joint
Failure mode/ percentage
90% 10%
In mortar Top of mortar Bottom of mortar Through unit
The wallette debonded at 2 joint
In mortar Top of mortar Bottom of mortar Through unit
63%
Failure mode/ percentage
47%
The wallette debonded at 2 joint
mm#
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
100%
The wallette debonded at 2" joint
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Programme 1, test 10
Type of testing Flexural strength
Type of masonry specimen B-wallette
Unit type GDC
1 Mortar type Ardex X7G Plus
Mortar mix 1.75; 1.0
Age at testing 7 days
Made date 03/08/2005
Test date 10/08/2005
2 The remainder photos in appendix 9 (photo 3342- 4563)
3
5 B-wallettes built by scoop and trowel, used wet 
unit and stored under polythene inside the Kingston 
University laboratory until testing.
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
100% - - -
The wallette debonded at 2"" joint
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
71% 29%
The wallette debonded at 2" joint
Wallette 1
Failure mode/ percentage
100%
In mortar Top of mortar Bottom of mortar Through unit
The wallette debonded at 2 joint
In mortar Top of mortar Bottom of mortar Through unit
100%
Failure mode/ percentage
The wallette debonded at 2 joint
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
87% 13%
The wallette debonded at 2" joint
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Programme 1, test 4
Type of testing Flexural strength
Type of masonry specimen P-wallette
Unit type GDC
1 Mortar type Ardex X7G Plus
Mortar mix 1.75: 1.0
Age at testing 14 days
Made date 22/06/2005
Test date 06/07/2005
2 The remainder photos in appendix 9 (photo 3342- 4563)
3
5 B-wallettes built by scoop and stored under 
polythene inside the Kingston University laboratory 
until testing.
In mortar Top of mortar Bottom of mortar Through unit
50%
Failure mode/ percentage
50%
The wallette debonded at 2 joint
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
50% 50%
Failure mode/ percentage
50%
In mortar Top of mortar Bottom of mortar Through unit
50%
The wallette debonded at 2 joint
In mortar Top of mortar Bottom of mortar Through unit
50%
Failure mode/ percentage
50%
The wallette debonded at 2 joint
The wallette debonded at 2" joint
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
50% 50%
The wallette debonded at 2" joint
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Programme 2, test 17
Type of testing Flexural strength
Type of masonry specimen B-wallette
Unit type GDC
1 Mortar type Ardex X7G Plus
Mortar mix 1.75: 0.70
Age at testing 7 days
Made date 31/10/2005
Test date 07/11/2005
2 Ttie remainder photos in appendix 9 (photo 3342- 4563)
3
5 B-wallettes built by scoop and stored under 
polythene inside the Kingston University laboratory 
until testing
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
52% 48%
The wallette debonded at 2 joint
Pic. 128
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
81% 19%
Failure mode/ percentage
36%
In mortar Top of mortar Bottom of mortar Through unit
64%
The wallette debonded at 2" joint
Wallette 3
In mortar Top of mortar Bottom of mortar Through unit
55%
Failure mode/ percentage
45%
The wallette debonded at 2 joint
The wallette debonded at 2" joint
Wallette 5 Pic. 131
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
78% 22%
The wallette debonded at 2" joint
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Programme 2, test 12
Type of testing Flexural strength
Type of masonry specimen B-wallette
Unit type GDC
1 Mortar type Ardex X7G Plus
Mortar mix 1.75: 0.60
Age at testing 7 days
Made date 04/10/2005
Test date 11/10/2005
2 The remainder photos in appendix 9 (photo 3342- 4563)
3
5 B-wallettes built by scoop and stored under 
polythene inside the Kingston University laboratory 
until testing.
In mortar Top of mortar Bottom of mortar Tfirough unit
28%
Failure mode/ percentage
31% 41%
The wallette debonded at 2 joint
Wallette 4 P ic . 146
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar
5% 22%
Through unit
73%
The wallette debonded at 2" joint
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
22% - 47% 31%
The wallette debonded at 2^" joint
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
26% 42% 32%
The wallette debonded at 2 joint
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Programme 2, test 18
Type of testing Flexural strength
Type of masonry specimen B-wallette
Unit type GDC
1 Mortar type Ardex X7G Plus
Mortar mix 1.75: 0.50
Age at testing 7 days
Made date 31/10/2005
Test date 07/11/2005
2 The remainder photos in appendix 9 (photo 3342- 4563)
3
5 B-wallettes built by scoop and stored under 
polythene inside the Kingston University laboratory 
until testing
I
In mortar Top of mortar Bottom of mortar Through unit
50%
Failure mode/ percentage
50%
The wallette debonded at 2 joint
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
37% 12% 51%
The wallette debonded at 2" joint
wallette 1
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
42% 31% 27%
The wallette debonded at 2 joint
In mortar Top of mortar Bottom of mortar Through unit
71%
Failure mode/ percentage
29%
The wallette debonded at 2 joint
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
45% 55%
The wallette debonded at 2" joint
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Programme 3, test 26
Type of testing Flexural strength
Type of masonry specimen B-wallette
Unit type GDC
1 Mortar type Ardex X7G Plus
Mortar mix 1.75; 1.0
Age at testing 2 days
Made date 26/01/2006
Test date 28/01/2006
2 The remainder photos in appendix 9 (photo 3342- 4563)
3
5 B-wallettes built by scoop and stored under 
polythene inside the Kingston University laboratory 
until testing
In mortar Top of mortar Bottom of mortar Tfirougfi unit
Failure mode/ percentage
79% 21%
Ttie wallette debonded at 2 joint
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Tfirougfi unit
100%
Tfie wallette debonded at 2" joint
Wallette 1
Failure mode/ percentage
21%
In mortar Top of mortar Bottom of mortar Tfirougfi unit
69%
Tfie wallette debonded at 2 joint
* ** * * g'+ * t,
Wsii.
In mortar Top of mortar Bottom of mortar Tfirougfi unit
Failure mode/ percentage
100%
Tfie wallette debonded at 2 joint
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Througfi unit
45% 55%
The wallette debonded at 2" joint
Jabbar Ali 466
Appendix O: Photos of Experimental Programme
UNIVERSITY OF
SURREY
Slide 13
Notes
Programme 3, test 30
Type of testing Flexural strength
Type of masonry specimen B-wallette
Unit type GDC
1 Mortar type Ardex X7G Plus
Mortar mix 1.75: 1.0
Age at testing 14 days
Made date 29/11/2005
Test date 13/12/2005
2 The remainder photos in appendix 9 (photo 3342- 4563)
3 5 B-wallettes built and stored under polythene inside the Kingston University laboratory until testing
: J T -
In mortar Top of mortar Bottom of mortar Through unit
8%
Failure mode/ percentage
27% 25% 40%
The wallette debonded at 2 joint
MW##
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
65% 35%
The wallette debonded at 2" joint
Wallette 1
Failure mode/ percentage
52%
In mortar Top of mortar Bottom of mortar Through unit
8% 40%
The wallette debonded at 2 joint
Wallette 3
In mortar Top of mortar Bottom of mortar Through unit
Failure mode/ percentage
100%
The wallette debonded at 2 joint
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
66% 34%
The wallette debonded at 2" joint
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Programme 3, test 31
Type of testing Flexural strength
Type of masonry specimen B-wallette
Unit type GDC
1 Mortar type Ardex X7G Plus
Mortar mix 1.75: 1.0
Age at testing 28 days
Made date 15/11/2005
Test date 13/12/2005
2 The remainder photos in appendix 9 (photo 3342- 4563)
3
5 B-wallettes built by scoop and stored under 
polythene inside the Kingston University laboratory 
until testing.
In mortar Top of mortar Bottom of mortar Through unit
20%
Failure mode/ percentage
40% 40%
The wallette debonded at 2 joint
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
43% 57%
The wallette debonded at 2" joint
Failure mode/ percentage
23%
In mortar Top of mortar Bottom of mortar Through unit
46% 31%
The wallette debonded at 2 joint
Wallette 3
In mortar Top of mortar Bottom of mortar Through unit
Failure mode/ percentage
60% 40%
The wallette debonded at 2 joint
Wallette 5
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
48% 52%
The wallette debonded at 2" joint
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Programme 4, test 19
Type of testing Flexural strength
Type of masonry specimen B-wallette
Unit type YDC
1 Mortar type Ardex X7G Plus
Mortar mix 1.75: 0.70
Age at testing 28 days
Made date 23/11/2005
Test date 21/12/2005
2 The remainder photos in appendix 9 (photo 3342- 4563)
3
5 B-wallettes built by scoop and trowel, then stored 
under polythene inside the Kingston University 
laboratory until testing, used LVDT’s to find the 
deflection.
In mortar Top of mortar Bottom of mortar Through unit
Failure mode/ percentage
100%
The wallette debonded at 2 joint
Pic.251
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
100%
The wallette debonded at 2" joint
Failure mode/ percentage
28%
In mortar Top of mortar Bottom of mortar Through unit
72%
The wallette debonded at 2 joint
In mortar Top of mortar Bottom of mortar Through unit
33%
Failure mode/ percentage
67%
The wallette debonded at 2 joint
rifrWmim
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
24% 15% 61%
The wallette debonded at 2" joint
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Programme 4, test 20
Type of testing Flexural strength
Type of masonry specimen B-wallette
Unit type YDC
1 Mortar type Ardex X7G Plus
Mortar mix 1.75; 0.70
Age at testing 7 days
Made date 13/02/2006
Test date 20/02/2006
2 The remainder photos in appendix 9 (photo 3342- 4563)
3
5 B-wallettes built by scoop and trowel and stored 
under polythene inside the Kingston University 
laboratory until testing.
In mortar Top of mortar Bottom of mortar Through unit
53%
Failure mode/ percentage
47%
The wallette debonded at 2 joint
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
100%
The wallette debonded at 2" joint
i ' " ' W
1 Failure mode/ percentage |
1 In mortar Top of mortar Bottom of mortar Through unit
: - - 100%
1 The wallette debonded at 2"" joint
In mortar Top of mortar Bottom of mortar Through unit
52%
Failure mode/ percentage
48%
The wallette debonded at 2 joint
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Programme 4, test 21
Type of testing Flexural strength
Type of masonry specimen B-wallette
Unit type YDC
1 Mortar type Ardex X7G Plus
Mortar mix 1.75: 0.70
Age at testing 14 days
Made date 13/02/2006
Test date 27/02/2006
2 The remainder photos in appendix 9 (photo 3342- 4563)
3
5 B-wallettes built by scoop and trowel, stored under 
polythene inside the Kingston University laboratory 
until testing.
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
- 23% 45% 32%
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
83% 17%
The wallette debonded at 2"° joint
■ 4 .
'  was
In mortar Top of mortar Bottom of mortar Through unit
20%
Failure mode/ percentage
80%
The wallette debonded at 2 joint
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Programme 4, test 22
Type of testing Flexural strength
Type of masonry specimen B-wallette
Unit type YDC
1 Mortar type Ardex X7G Plus
Mortar mix 1.75: 0.70
Age at testing 28 days
Made date 25/02/2006
Test date 25/03/2006
2 The remainder photos in appendix 9 (photo 3342- 4563)
3
5 B-wallettes built by scoop and trowel then stored 
under polythene inside the Kingston University 
laboratory until testing.
In mortar Top of mortar Bottom of mortar Ttirough unit
53%
Failure mode/ percentage
47%
Tfie wallette debonded at 2 joint
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Tfirougfi unit
100%
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
13% 81%
The wallette debonded at 2" joint
»
In mortar Top of mortar Bottom of mortar Through unit
Failure mode/ percentage
18% 82%
The wallette debonded at 2 joint
The wallette debonded at 2" joint
Wallette 5
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
100%
The wallette debonded at 2" joint
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Programme 4, test 23
Type of testing Flexural strength
Type of masonry specimen B-wallette
Unit type GDC
1 Mortar type Ardex X7G Plus
Mortar mix 1.75: 0.70
Age at testing 7 days
Made date 13/02/2006
Test date 20/02/2006
2 The remainder photos in appendix 9 (photo 3342- 4563)
3
5 B-wallettes built by scoop and trowel then stored 
under polythene inside the Kingston University 
laboratory until testing.
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
100%
The wallette debonded at 2 joint
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
51% 49%
The wallette debonded at 2" joint
üŸ},'
Pic.301
Failure mode/ percentage
75%
In mortar Top of mortar Bottom of mortar Through unit
25%
The wallette debonded at 2 joint
In mortar
60%
Failure mode/ percentage
Top of mortar Bottom of mortar Through unit
40%
The wallette debonded at 2 joint
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
41% 59%
The wallette debonded at 2" joint
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Programme 4, test 24
Type of testing Flexural strength
Type of masonry specimen B-wallette
Unit type GDC
1 Mortar type Ardex X7G Plus
Mortar mix 1.75; 0.70
Age at testing 14 days
Made date 13/02/2006
Test date 27/02/2006
2 Tfie remainder photos in appendix 9 (photo 3342- 4563)
3
5 B-wallettes built by scoop and trowel then stored 
under polythene inside the Kingston University 
laboratory until testing.
In mortar Top of mortar Bottom of mortar Tfirougfi unit
34%
Failure mode/ percentage
66%
Tfie wallette debonded at 2 joint
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Tfirougfi unit
51% 49%
Tfie wallette debonded at 2" joint
Failure mode/ percentage
72%
In mortar Top of mortar Bottom of mortar Througfi unit
28%
The wallette debonded at 2 joint
In mortar Top of mortar Bottom of mortar Through unit
Failure mode/ percentage
67% 15% 18%
The wallette debonded at 2 joint
Failure mode/ percentage
In mortar Top of mortar Bottom of mortar Through unit
43% 57%
The wallette debonded at 2" joint
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Programme 4, test 25
Type of testing 
Type of masonry specimen 
Unit type 
Mortar type 
Mortar mix 
Age at testing 
Made date 
Test date
More photos in appendix 9 (photo 3342-4563)
Flexural strength 
B-wallette 
I GDC 
Ardex X7G Plus 
1.75: 0.70 
I 28 days 
25/02/2006  
25/03/2006
5 B-wallettes built by scoop and trowel then stored 
under polythene inside the Kingston University 
laboratory until testing.
■ T Ï - S -  .
Failure mode/ percentage
in mortar | Top of mortar | Bottom of mortar
17% I -  I
Ihp wallette debonded at 2" joint
Through unit 
83%
Failure mode/ percentage
In mortar | Top of mortar | Bottom of mortar | Through unit
I - I - I 100%
The wallette debonded at 2""* joint
Failure mode/ percentage 
In mortar Top of mortar Bottom of mortar Through unit
15% I - I
The wallette debonded at 2""^  joint
85%
Failure mode/ percentage
In mortar | Top of mortar | Bottom of mortar | Through unit
71% I - I "  - I 29%
The wallette debonded at 2"^ joint
Failure mode/ percentage
In mortar | Top of mortar | Bottom of mortar | Through unit
19% I - I - I 81%
The wallette debonded at 2"'* joint
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APPENDIX P: STATISTICAL ANALYSIS USED IN THIS 
RESEARCH
Mean
Standard deviation 
Coefficient of variation 
Characteristic strength
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Statistics
Statistics is the body of procedures and techniques used to collect, present 
analyze data on which to base decisions in the face of uncertainty or incomplete 
information.
The mean Statistical Analysis used in this research
This appendix defines the mean, standard deviation and coefficient of variation. These 
were used to investigate which mortars or mortar unit combinations give the most 
consistent and strongest results.
For this section the following statistics were calculated
The mean: is defined as the simple arithmetic average.
_
n
The Standard deviation: is the spread of the data around the mean.
(T = Ï  n - l
Coefficient o f Variation:
The coefficient of variation, CV, indicates the relative magnitude of the standard deviation 
as compared with the mean of the distribution of measurements, as a percentages, thus, 
the formulas are:
Population: CF = — x lOO
Sample: C V  =  —  x 100
X
The coefficient of variation is useful to compare the variability of two data sets relative to 
the general level of values and thus relative to the mean) in each set.
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ii. Coefficient of Variation removes the effect of a high, mean and corresponding 
standard deviation to give a measure of the consistency of the data.
n
■ -  Sum of all data in set
■ n= simple size
■ X =  arithmetic mean
■ a =  standard deviation
■ CV= coefficient of variation
Characteristic strength:
Characteristic value: the characteristic strength is the value below which the strength lies 
in only a small number of cases. The characteristic value is determined from test results 
using statistical principles, and normally is defined as the value which not more than 5% 
of the test results fall.
Characteristic flexural strength (fkx):
The characteristic flexural strength should only be applied to the design of masonry when 
specifically considering bending. As general rule, direct tension should not be permitted 
on brickwork as the masonry is at its most vulnerable and highly susceptible to failing.
f  j^  =  m - i l . 6 4 x S )
Where is:
fkx= Characteristic flexural strength 
m =  mean
S= Standard deviation 
Characteristic compressive strength (f*):
f  iç — in - {,1.64 X (S)
Where is:
fk= Characteristic compressive strength 
m =  mean
S= Standard deviation
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